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Abstract

Purpose Pharmaceutical three-dimensional (3D) printing is an innovative production technique which enables the manufac-
turing of personalized medicine at the point-of-care. A reliable 3D printer is paramount for the successful implementation in
clinical practice. In this paper, the design strategy of a pharmaceutical semi-solid extrusion 3D printer is described, where
the concept of quality-by-design is applied.

Methods The technical design stages are divided in the conceptual design and detailed design stage. The minimal viable
product, critical process parameters and implemented control strategies were defined.

Results The critical process parameter with the highest impact is the temperature of the cartridge during preheating, i.e.
prior to the production process. The temperature is controlled with an accurate thermistor, closed feedback loop and thermal
isolation. The temperature can be monitored at all times using the graphical user interface and there is an audit trail using
the logging system. Software was developed conforming to GAMPS.

Conclusions Build-in control strategies in the design of the pharmaceutical 3D printer can mitigate risks during the produc-
tion process of personalized medicine. The regulatory landscape surrounding 3D-printed drug products remains challenging.
By using this design approach, relevant guidelines were taken into account during the design of a pharmaceutical 3D printer.
Future development of the 3D printer should include the incorporation of process analytical technology tools and upscaling
of feedstock production to further support the implementation of personalized medicine 3D-printed at the point-of-care.

Keywords 3D printing - Quality-by-design - Personalized medicine - Pharmaceutical technology

Introduction increased efficacy and reduced risk for adverse drug reac-

tions [1]. However, commercially produced pharmaceutical

A growing need for improved patient outcomes of drug
treatment incentivizes healthcare to make a paradigm shift
towards personalized medicine. Precision dosing, i.e. tai-
loring the drug dose to an individual patient’s need, is the
cornerstone of personalized drug treatment aiming at an
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dosage forms come with a standardized dose and therefore
do not support implementation of personalized medicine in
clinical practice. Recent developments of innovative tech-
nologies such as three-dimensional (3D) printing enable
personalized drug manufacturing at the point-of-care, i.e.
close to the patient such as in a pharmacy [2, 3]. This chal-
lenges the traditional one-size-fits-all mass production of
the pharmaceutical industry and allows a shift towards mass
personalization. However, unlike traditional drug manufac-
turing, the possibility to scale-up is still limited and existing
regulatory guidelines are not tailored to support the produc-
tion of 3D-printed personalized medicines [4, 5].

3D printing, also known as additive manufacturing, builds
a product in a layer-by-layer fashion onto a print bed. Gener-
ally, a computer model is used to design the product that is
manufactured with the 3D printer. The greatest flexibility
of 3D printing comes from adjusting the geometry of the
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computer model, thereby physically changing the size and
form of the pharmaceutical product. This allows adapting
the product profile including the drug dose, enabling preci-
sion dosing. The advantage of 3D printing over conventional
manual compounding is the automation. This reduces the
hands-on time needed from specialized, trained pharmacy
staff for the preparation of personalized medicine. Compared
to regular tablet presses, 3D printers offer the possibility to
produce small, individualized batches. In pharmaceutical 3D
printing various techniques have been explored and devel-
oped to determine their suitability for drug manufacturing.
Of these, most often used are extrusion-based techniques,
such as fused deposition modelling (FDM), direct powder
extrusion (DPE) and semi-solid extrusion (SSE) [6].

When developing new drug formulations, a quality-by-
design (QbD) approach is often used as recommended by
the European Medicines Agency (EMA) and the U.S. Food
and Drug Administration (FDA) through the ICH guidelines,
including ICH Q8: Pharmaceutical Development (R2) [7, 8].
This systematic approach applies statistical, analytical and
risk-based management methodology in all stages of drug
product design to ensure the quality of the medication. A
quality target product profile (QTPP) is first defined for the
specific drug product, from which the critical quality attrib-
utes (CQA), i.e. physical, chemical, biological or micro-
biological properties that must meet specific requirements,
are identified. Through a risk assessment, the CQA’s can be
linked to critical material attributes (CMA) and critical pro-
cess parameters (CPP). By applying appropriate in-process
controls (IPC) these critical factors can be monitored and
managed.

In contrast, to the best of our knowledge, there is no
standard design process for novel pharmaceutical technolo-
gies. By combining the concept of 3D printing with the QbD
approach, the risks encountered during 3D printing of per-
sonalized drug products can be evaluated and subsequently
accounted for through build-in control strategies. The aim
of this article is to provide a comprehensive, qualitative

technical description of a pharmaceutical 3D printer, specifi-
cally intended for the production of personalized medicine at
the point-of-care, based on a QbD approach. More specifi-
cally, the minimal technical requirements of the 3D printer,
the critical process parameters and implemented control
strategies, and how specific design choices were made, are
described.

Methods

The design process consisted of four iterative steps: problem
definition, conceptual design, detailed design and evaluation
(Fig. 1). This design process led to the development of the
DoseRx-1 pharmaceutical 3D printer (Leiden, The Nether-
lands), i.e. the current design state of the product which is
described in this article. A qualitative description of each
design step is provided in the results.

The problem was defined as a lack of available personal-
ized dose drug formulations. This resulted in a correspond-
ing conceptual design of a 3D printer able to print personal-
ized drug products. The conceptual design was elaborated
in the minimum viable product (MVP), describing the prin-
ciples of this semi-solid extrusion 3D printer, as well as
the technical requirements minimally necessary for the 3D
printer to be used at the point-of-care. These requirements
were dependent on the QTPP.

During the detailed design stage, the design of the 3D
printer was further defined. First, a QTPP was designed
which then was tested with a specific drug product,
namely 3D-printed sildenafil tablets used in a previously
conducted clinical trial studying the bioavailability [2].
There is a clinical need for a low dosage strength and
flexible formulation containing sildenafil, suitable for the
treatment of young children with pulmonal hypertension.
Additionally, sildenafil is difficult to print with SSE, as
the solubility in the used carrier (PEGylated fatty acids) is
low. It forms a suspension, introducing challenges such as

Fig.1 Overview of the design
process. The minimum viable

[ Problem Definition H Conceptual DesignJ—}[

Detailed Design Evaluation }

product (MVP), quality target
product profile (QTPP), critical
quality attributes (CQA), criti-
cal process parameters (CPP)
and in-process controls (IPC)
are all linked. During evaluation
arisk assessment and evaluation
(RAE) is performed
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settling behavior and clogging. From the QTPP, the criti-
cal quality attributes (CQA) were defined that are neces-
sary to ensure that the tablets produced with the 3D printer
comply with pharmaceutical standards. The QTPP drafted
for the 3D-printed sildenafil tablets is used in this article
for demonstration purposes.

The QTPP together with the MVP resulted in a detailed
description of the production process. This article focusses
on the 3D printing process. Preprocessing, e.g. develop-
ment and production of the feedstock, and the post-pro-
cessing steps, e.g. analytical methods and cleaning pro-
cesses, are considered out of scope. A concise overview
of the production process steps, including non-critical
process parameters, is provided in the Supplementary
Materials. Based on previous research, prospective risk
assessments and evaluations (RAE), and factory and site
acceptance tests, the process parameters were defined as
either critical or non-critical. In a risk assessment and
evaluation, each process step was scored (low, medium,
high) on the severity of the risk for the patient/operator,
the product and the data integrity if a process step were to
fail, the probability of a process failure to occur, and the
detectability of a process failure. The detailed results of
the tools to determine the criticality of the process steps
are not provided in this article, but are available upon indi-
vidual request. The overall risk of CPP’s on the respective

CQA’s is provided. Based on iteration of the tests and
RAE, the 3D printer design was adapted and control meas-
ures were implemented as described in this article.

Results
Quality Target Product Profile

The QTPP of 3D-printed sildenafil tablets as it was used in
the previously performed clinical trial is shown in Table 1.
The following CQA’s were identified: sildenafil citrate iden-
tity, content and homogeneity, release kinetics, uniformity of
weight and deviation from theoretical weight, chemical and
microbiological stability, mechanical strength, and packag-
ing. The attribute targets and their criticalities are depend-
ent on circumstances, e.g. on the drug product and intended
treatment population. For example, the tablet size was
defined not critical for the use in healthy adults but could be
critical for pediatric patients. Likewise, for sildenafil citrate
the dissolution profile was an immediate release product,
while for other drug products extended or sustained release
may be applicable.

Not all compendial tests may be suitable for 3D-printed
drug products. An alternative requirement for the weight
distribution was used in this QTPP. The Ph. Eur. monograph

Table 1 Quality target product profile (QTPP) of 3D-printed sildenafil tablets

QTPP element Target Criticality Justification

Dosage form Tablet Not applicable -

Route of administration ~ Oral Not applicable -

Dosage form strength 10 mg sildenafil (as citrate) Not applicable Ensured through content uniformity
Dosage design Immediate release Not applicable Ensured through release kinetics

Tablet size

Appearance
Container closure system

Weight

Content uniformity
Release kinetics
Mechanical strength
Microbiological purity

Stability

Max. diameter:
7.5 mm

Max height:
3.5 mm

Round; off-white;

layered

Suitable for this drug product

Meets Ph. Eur. 2.9.5, or RSD <4.0%

Deviation between mean weight and theoretical
weight <3.0%

Meets Ph. Eur. 2.9.40

Immediate release: meets Ph. Eur. 2.9.3: >80%
of labelled content dissolved at 45 min

No splitting of layers and/or breaking off large
pieces of tablet after standard handling

Meets Ph. Eur. 5.1.4

Stable for at least 6 months at 25 °C

Not critical

Not critical

Intended for use by healthy adults in the clinical
trial

Concerns an open-label trial

Critical Needed to ensure shelf life

Critical Needed to ensure dosage strength

Critical Must meet compendial standard

Critical Pharmaceutical equivalence requirement: must
meet compendial standard for immediate
release kinetics

Critical Needed to ensure dosage strength after handling

Critical Needs to be safe to use in humans: must meet
compendial standard

Critical Needs to be safe to use in humans for complete

shelf life of the product

@ Springer
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2.9.5. Uniformity of mass of single-dose preparations
requires weight measurement of at least 20 dosage form
units, e.g. tablets, to assure that the mass is uniformly dis-
tributed. In pharmacy preparation often a more rigid stand-
ard is applied when only 10 units are weighed. A relative
standard deviation (RSD) of <4.0% for tablets with an
average weight <300 mg, or otherwise an RSD of <3.0%,
assures that the manufactured tablets adhere to the Ph. Eur.
Monograph 2.9.5 [9]. Additionally, the deviation between
the measured average weight and the theoretical weight
should be <3.0% [9]. This ensures that the 3D-printed tab-
lets comply with weight specifications in accordance with
the production protocol, i.e. to ensure the drug products
are 3D-printed accurately. As 3D printing provides ample
flexibility for personalized drug products, we consider it an
important additional specification, though it is not a com-
pendial requirement.

Compendial requirements for the assessment of the
mechanical strength of tablets are not suitable for 3D-printed
tablets [10]. Ph. Eur. Monographs 2.9.7 Friability of
uncoated tablets and 2.9.8 Resistance to crushing of tablets
describe the tests to determine the mechanical strength of
tablets. However, 3D-printed tablets are not compressed,
which is the assumed manufacturing method by the tests, but
built layer upon layer. This means the mechanical strength
is not dependent on particle adhesion, but rather on layer
adhesion. No compendial test exists for testing layer adhe-
sion, therefore tablet integrity after standard handling was
used as a requirement in this QTPP. Since tablets produced
at point-of-care do not undergo rigid handling comparable
to industrially produced tablets, the tablet integrity test can
be used, but a specific test for layer adhesion is warranted.

Minimum Viable Product (MVP)

The pharmaceutical 3D printer design should allow manu-
facturing of drug products as defined in the QTPP. The 3D
printer is designed to be operable conform GMP standards
as described in Eudral.ex Volume 4 [11]. Technical design
aspects that were considered for the MVP were the print-
head, cartridge, print bed and the respective position of the
printhead hereupon, user interface and design software.
Their materials are selected to comply to GMP standards
for cleaning and chemical interaction.

The printhead is purposefully designed for SSE 3D print-
ing of personalized medicine. The general principle of SSE
is the extrusion of a semi-solid mixture from a cartridge or
syringe. Typically a gel or paste is used as the semi-solid
substance in question. The semi-solid is accurately deposited
onto the print bed in a layer-by-layer fashion. This technique
operates at a low production temperature and no solvents are
needed to obtain a printable feedstock reducing the risk of
chemical instability. In addition, without the use of solvents,

@ Springer

the production process is simplified as solvents do not have
to be evaporated from the drug product after printing. It
reduces the number of production steps and no test for resid-
uals is required. Typically, non-Newtonian substances are
used in SSE 3D printing [12, 13]. Therefore, the printhead
is designed to be able to process these types of feedstock,
where rheology is especially important for printability.

An important part of the printhead is the cartridge. It is
designed as a reusable stainless-steel cartridge with a unique
identifier to allow traceability. A reusable cartridge makes
it possible to use more expensive materials with low chemi-
cal interactivity, to employ precision machining operations,
tightly integrating functionality into one part and to help
reduce waste. Stainless steel AISI316L was specifically
selected because it is widely used in biotech and pharma-
ceutical equipment, and it can be cleaned through many
cleaning procedures. Multiple cartridge volume sizes are
available to accommodate production of drug products for
multiple patient populations. A small cartridge size allows
careful extrusion of a limited volume, making it more suit-
able for high-resolution tablets, e.g. minitablets. Larger
cartridges allow production of high-volume drug products,
e.g. tablets with high dosages of an active pharmaceutical
ingredient (API) intended for the adult patient population.
The cartridge is fully encased with a heating mat and isola-
tion materials to keep a consistent temperature within the
cartridge. This results in an even extrusion of the feedstock
onto the print bed.

The printhead is connected to pressurized air or equipped
with a mechanical plunger, which allow controlled extru-
sion of the feedstock from the cartridge through the use
of a piston. Pneumatic actuation has a relatively high sys-
tematic error, decreasing the printing accuracy, specifi-
cally for smaller drug products, e.g. when printing mini
tablets. Mechanical actuation has a larger physical volume
and weight, as the actuator scales up with the size of the
cartridge. The size of a pneumatic actuator have, does not
depend on the stroke of the cartridge, making them more
suitable for high volume drug products requiring larger
cartridges.

The print bed is made of AISI316L stainless steel and
is removable from the pharmaceutical 3D printer to allow
easy cleaning. The distance between the print bed and the
nozzle of the cartridge is critical for the uniformity of
tablet weight and mechanical strength. Keeping a constant
distance between the print bed and the nozzle is depend-
ent on at least three factors (Fig. 2). The print bed and the
movement of the nozzle in the XY plane must be planar
and parallel, and any distortions need to be measured in
a multipoint grid. The difference in height on the various
grid points then can be corrected through the movement of
the nozzle in the Z direction, compensating for the errors
and effectively making the two planes to be planar and
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Fig.2 Visual representation of flatness and parallelism of the print bed (bottom) and the nozzle XY plane (top). The print bed and movement of
the nozzle in the XY direction are not perfectly planar, nor parallel to each other

parallel. Finally, the exact distance between the two planes
is measured and set, based on the production parameters.
Additionally, if multiple printheads are used, all print-
heads have to be calibrated so their nozzles have equal
offsets from the print bed. This would, for example, occur
when printing polypills.

The enclosure of the pharmaceutical 3D printer is
designed to provide a protected production environment.
It is closed during manufacturing to prevent manual inter-
vention in the production process and to allow the fan
to rid the production environment of residual heat from
the production process. Opening the enclosure results in
immediate termination of the production process, protect-
ing the operator from burns or mechanical injury.

The software used to direct the pharmaceutical 3D
printer is developed conform GAMPS, a framework to
ensure that pharmaceutical computerized systems are of
high quality and comply with the applicable regulations
[14]. The design software, e.g. for geometrical design of
the drug product, accepts parametric input. This allows
for a simplified design process of the drug product, reduc-
ing the risk of production errors. Through the graphical
user interface (GUI), the actual values of printer param-
eters are shown, e.g. the live cartridge temperature at any
given time. During the production process these values are
logged, allowing an audit trail and therewith root-cause
analysis in case of any production abnormalities. Further-
more, the GUI has a login system to ensure only qualified
personnel can operate the 3D printer. Role assignments are
integrated in the login system to limit functionalities to the
qualifications of a specific user, e.g. an administrator, but
not an operator, is allowed to create new users. The GUI
also has basic operating functions, such as input param-
eters for a production process, and starting and stopping
the production process.

Production Process Description

The production process of personalized 3D-printed drug
products generally consists of three phases, namely pre-
processing, production and post-processing. Preprocessing
consists of preparing the cartridge for production, i.e. mak-
ing the feedstock and filling the cartridge. In this article,
the feedstock is the printable substance or mixture which
can include an API. During the production phase a filled
cartridge is used to manufacture personalized drug products
for an individual patient. The same cartridge can be used
to provide multiple patients with their respective person-
alized medication. In the post-processing phase, the drug
products are analyzed and packaged, and the pharmaceuti-
cal 3D printer is cleaned. In this article, the pre- and post-
processing phase are considered out of scope.

The production phase consists of five steps, namely 1)
defining the production program using parametric design, 2)
initialization of the 3D printer, 3) priming of the cartridge,
4) 3D printing, and 5) finalization of the production process.
A schematic overview of the production phase steps and the
associated process parameters can be found in Supplemen-
tary Materials. In the first step, the 3D printing parameters
are chosen and defined using parametric design software
(Fig. 3). For example, when the drug products in question
are tablets, the number of tablets, shape, target mass, layer
height, and the number of printheads are defined. Further-
more, the printing sequence, i.e. the order in which the tab-
lets are 3D-printed, is determined. It also defines the number
of rows and columns, and whether the drug products are
3D-printed per layer or per drug product.

During the initialization step, the cartridge is installed in
the printhead. The cartridge is slid into the printhead, mean-
ing it is completely enclosed by the heating mat, leaving only
the outer tip of the nozzle exposed to the environment. The
plunger is lowered until it touches the piston in the cartridge.

@ Springer
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Fig.3 Overview of the printing
sequence, where the cartridge
first is primed, then moved onto
the print bed where it prints
layers in the predefined shape/
pattern at a certain movement
speed

layer height

calibration distance

The nozzle is then calibrated to the print bed, making sure
the nozzle is at the correct distance from the print bed. The
printhead moves to its starting location, i.e. home position.
Finally, the cartridge and the nozzle are heated to their
respective temperature using the heating mat and thermis-
tors. The preheating temperature and duration are dependent
on the melting or glass temperature, thermal conductivity
and heat capacity of the feedstock, and are chosen to ensure
it is at a printable, thick semi-solid consistency to prevent
settling of any solid components.

After the cartridge is uniformly preheated, the priming
step starts. The aim of the priming step is to extrude feed-
stock that may have been extensively heated in the nozzle
compartment during preheating or exposed to air through
the nozzle opening for prolonged periods of time, as well as
ensuring a constant and even extrudate from the nozzle. The
nozzle heater only heats the very tip of the cartridge where
feedstock is extruded. The nozzle itself only contains < 1uL
of material. An excess of 280uL is extruded to ensure com-
plete flushing of the nozzle compartment prior to printing.
The 3D printing process starts immediately after priming
(Fig. 4). The drug products are produced per the predeter-
mined production program made with the parametric design
software. Pressure is applied to the piston, either mechani-
cally or pneumatically, resulting in extrusion of the feedstock
from the nozzle during printing. The cartridge diameter and
the nozzle diameter determine how much feedstock can be
extruded in a specific time frame, where more volume is
moved with a larger cartridge diameter and more volume
can be extruded with a larger nozzle diameter. Between

@ Springer
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tablets, printing is halted by means of retraction, defined as
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Fig.4 Schematic representation of the semi-solid extrusion printhead
during 3D printing

a combination of retraction amount, i.e. the upwards move-
ment distance of the piston, and the retraction speed, i.e.
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Fig.5 Results of the risk analysis of relation between CPP and CQA. The impact of a CPP on a CQA is scored as none (0), low (1), medium (2)

or high (3)

the movement speed with which the piston moves upwards.
As the 3D printer operates at a low temperature, but not
ambient, the 3D-printed tablets have to cool briefly before
recovering them from the print bed.

Critical Process Parameters

From the production phase (Section 3.2; Supplementary
Materials), the following process parameters are defined
to be critical: drug product shape, printing sequence, car-
tridge diameter, nozzle diameter, calibration height, preheat
cartridge temperature, preheat nozzle temperature, preheat
duration, priming volume, 3D printing cartridge tempera-
ture, 3D printing nozzle temperature, 3D printing dura-
tion, printhead movement speed, extrusion speed, retrac-
tion, ambient temperature, and cooling duration. Figure 5
shows the results of the risk analysis on the effect that the
CPP’s have on the CQA’s and their relative criticality. The
impact of the CPP's on the CQA's is scored as either no,
low, medium or high risk. The scores are based on previous
research, prospective risk assessments and evaluations, and
factory and site acceptance tests.

The CPP with the highest risk is the cartridge temperature
during preheating. During the preheating stage, the feed-
stock is exposed to heat for a prolonged period of time. If
the temperature is too high, the viscosity of the feedstock
can become too low. This potentially leads to settling of
solid components, as well as leaking through the nozzle dur-
ing the preheating period, and liquid deposition during the
3D printing stage. Prolonged exposure to a high tempera-
ture, i.e. the preheating duration, can also result in chemical

instability of any of the individual components. In contrast,
if the temperature is too low, the feedstock will be too solid
to be printable during the printing stage. Even if it is print-
able, the extrudate will be inconsistently printed, reducing
the layer adhesion and thus the mechanical strength. The
consequences of a low temperature can be resolved, while
the consequences of a too high temperature are likely to be
irreversible, e.g. a settled suspension due to high tempera-
ture cannot be reliably resuspended in the cartridge.
Similarly, the nozzle temperature is also critical during
preheating, and both the cartridge and nozzle temperature
are critical during the 3D printing stage. However, the
impact of these process parameters is limited compared
to the cartridge temperature during preheating. The feed-
stock exposed to the nozzle temperature during preheating
is expelled during the priming stage. Nonetheless, there is
a chance overexposed feedstock is not expelled during the
priming stage, e.g. from limited flow in the nozzle or heat
radiation to the cartridge. During the 3D printing stage, the
feedstock is moved constantly, resulting in decreased expo-
sure to an incorrect temperature. Substantial temperature
deviations can still lead to unsuccessful production, i.e. from
settling of solid components, liquefaction or solidification
of the feedstock. An increased temperature combined with
prolonged exposure, e.g. during long production runs, can
result in chemical instability. Conversely, heating at body
temperature for a prolonged period of time could stimulate
microbial growth. A high ambient temperature prevents
solidification of the drug products after production. If the
drug products are not completely solidified before recov-
ery from the print bed, the layer adhesion is reduced with
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a decreased mechanical strength as a result. On the other
hand, if the ambient temperature is too low, the extrudate
will solidify too quickly during 3D printing, also resulting
in reduced layer adhesion.

The shape of the drug product, defined in the production
program with the parametric design software, determines the
drug content as well as the release kinetics. If the shape is
completely filled with mixture, i.e. 100% infill, small tablets
will contain less API compared to large tablets. If the same
shapes are made with less infill, the surface area to volume
ratio increases, therewith increasing the drug release rate
[15]. Besides geometrical settings, the extruded amount of
feedstock influences the correct formation of the shape of
the drug product. The extruded amount is the resultant of the
cartridge diameter, the downwards movement of the piston,
i.e. piston travel, and the nozzle diameter. An increase in the
cartridge diameter and piston movement leads to a higher
volume shift of the feedstock. The nozzle diameter is the
bottleneck of the extruded amount per time unit. The noz-
zle diameter should be large enough to be able to process
the volume shift. A smaller nozzle will have a greater back
pressure on the feedstock, changing the viscosity and elastic
recovery of the feedstock as it is likely and preferably a non-
Newtonian substance [12]. The correct nozzle diameter is
even more important when solid particles are present in the
feedstock as these particles can clog the nozzle, obstructing
the 3D printing process.

Furthermore, the printing sequence, calibration height,
printhead movement speed in the XY direction and retrac-
tion are defined as CPP’s. The printing sequence determines
in which order drug products are printed onto the print bed
and whether they are 3D-printed per layer or per drug prod-
uct. In a previous study it was determined that multiple rows
and columns, allowing continuous 3D printing, is beneficial
for the uniformity of weight [10]. Moreover, the printing per
layer or per drug product also influences the solidification of
a layer prior to printing the subsequent layer on top, possibly
impacting the mechanical strength.

The calibration height, i.e. the calibrated distance
between the nozzle and the print bed, defines the height for
the first layer. If the actual value is higher than the expected
value, the extruded amount will not be enough to fill the
void between the nozzle and the print bed. The first layer
will not properly adhere to the print bed, resulting in reduced
mechanical strength, or even no adherence of the layers at
all. Conversely, if the actual height is lower than expected,
the layer gets squished, leading to contamination of the noz-
zle and reduced mechanical strength.

The printhead improves layer adhesion by moving slowly
enough to allow proper deposition of the extrudate. Increas-
ing the printhead movement speed, combined with a pro-
portional increase in extrusion speed, can decrease printing
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duration, therewith reducing the exposure time of the feed-
stock to the cartridge and nozzle temperature.

Retraction, consisting of the retraction speed and retrac-
tion length, is needed to produce multiple drug products, e.g.
multiple tablets, in a single production run that are detached
from each other. Too little retraction leads to stringing at the
end of the drug products, while too much retraction leads to
infiltration of air in the feedstock. Both compromise the drug
content, the uniformity of weight, mechanical strength and,
in case of too little retraction, visual appearance.

Mitigations and Control Strategies

After identifying the process parameters and their critical-
ity, several mitigations were identified and implemented.
As each CPP has a different mechanism of impacting the
print process, different types of mitigation were employed
(Table 2). IPC’s are used when a specific set point needs to
be reached and maintained. IPC’s are used when Impact is
high, as they are often complex to implement. Generally,
IPC’s are feedback control loops, that base the control input
on real-time measurements of the system, although feed-
forward control strategies can also be used. Calibrations are
employed to make sure that CPP’s are within specification
over time. Finally, specifications can be set to ensure the
printing process is executed in a predictable and repeat-
able manner. These specifications can be set in the soft-
ware, for instance when generating the print path, but are
also found in standard operating procedures. Additionally,

Table2 The mitigation strategies used for each critical process
parameters (CPP)

CPP Impact Mitigation

Shape 9 IPC, specification
Sequence 4 specification

@ cartridge 8 specification

@ nozzle 3 specification
Calibration distance 6 calibration

T cartridge,preheat 14 IPC, calibration, specification
T nozzle,preheat 4 IPC, calibration, specification
Preheat duration 9 specification
Priming volume 6 specification
T cartridge,printing 11 IPC, calibration, specification

T nozzle,printing IPC, calibration, specification

Printhead speed IPC, specification
T ambient specification
Piston travel IPC, specification
Retraction specification

Print duration specification

N A SN WA

Cooldown duration specification
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tighter manufacturing tolerances can be specified to decrease
the impact of geometry or measurements on the printing
process.

The cartridge and nozzle temperature are controlled using
a thermistor suitable for use over the range from —80 °C
—+150 °C, with a top precision of +0.1 °C in the range of
0 —+70 °C. The thermistors of the cartridge and the noz-
zle keep the cartridge and nozzle at specified temperatures
using a feedback loop. The temperatures can be regularly
checked by the operator through the GUI, while the tempera-
ture curves can be retraced using the logging system (Fig. 6).
Initially, the temperature increases during the preheating
phase until it reaches the input temperature. During the 3D
printing phase, the thermistors aim to keep the tempera-
ture at the input temperature. Small fluctuations are inevi-
table, though with the use of the used thermistors should
not exceed +0.1 °C with a maximum target temperature of
70 °C. Isolating materials around the cartridge and the noz-
zle ensure minimal loss of energy towards the environment,
minimizing temperature fluctuations and preheat time. To
ensure a stable environmental temperature during heating,
the enclosure of the 3D printer is equipped with a fan.

The flow of the extrudate from the nozzle is controlled
using a closed feedback loop on the piston travel distance
[16]. The feedback loop ensures movement of the piston at
a constant speed, i.e. the extrusion speed, which indicates
that a constant volume is extruded throughout the printing
process irrespective of the viscosity of the feedstock over
time. For this to be true, the condition must be met that the
diameter is the same throughout the cartridge. Therefore,
a strict fabrication tolerance on the cartridge diameter is
needed. Obstruction of the nozzle or insufficient preheating
can be detected by a decreased travel distance of the piston.
Therewith, the production process can be terminated in a
timely manner.

Correct deposition of the extrudate onto the print bed is
controlled through a 3-level calibration process, where the
distance between the nozzle and print bed, the parallelism
between the print bed and the XY nozzle plane, and the
flatness of both planes is determined. The distance between
the nozzle and print bed is determined using a DIN 2275

Fig.6 Schematic temperature
curves of the cartridge (orange),
nozzle (red) and ambient tem-
perature (blue), with a tempera-
ture tolerance of +0.1 °C

temperature

T2 calibrated feeler gauge. By setting the distance with this
feeler gauge on three points on the print bed, the parallelism
of the planes is ensured. Finally, the flatness of both planes
is ensured by the fabrication tolerance of the print bed and
the linear gantry.

Discussion

In this article we present the design of a pharmaceutical 3D
printer, suitable for use at the point-of-care, using a QbD
approach. The QbD approach, that is widely employed in
the development of new drug formulations, was success-
fully applied to the design decisions for a pharmaceutical 3D
printer. Through the design process, process parameters and
their influence on CQA’s have been identified using a risk
assessment. The cartridge temperature during preheating and
3D printing, as well as the duration of the exposure of the
feedstock to this temperature, were considered especially
critical and were controlled using a closed feedback loop
with a precision thermistor and isolating materials. Moreo-
ver, the temperatures of both the cartridge and the nozzle
can be checked live during 3D printing of the drug products
as an IPC, as well as in retrospect through a built-in logging
system. By implementing control strategies into the design
of the pharmaceutical 3D printer, risks can be mitigated dur-
ing the production phase, allowing use of the 3D printer at
the point-of-care for the production of personalized drug
products.

With the current design of the 3D printer, most of the
identified CPP’s are controlled. Risks remain in the flex-
ibility of defining the production program, though this is
also the advantage of 3D printing at the point-of-care, i.e.
flexibility in the shape of the drug product allows preci-
sion dosing. This intrinsically has the risk of introducing
a drug product design error. The software used to program
the shape should be robust and give confidence that the cor-
rect shape is produced for every production run. Therefore,
we chose to use parametric design software. In parametric
design print path generation, assumptions are made by the
programmer regarding the shape of the drug product and the

—— nozzle
cartridge
ambient

preheat

rintin cooldown ;
p g time,
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user’s 3D printer. This limits the drug product design possi-
bilities, but also reduces the design error. As this parametric
design software was specifically developed for personalized
drug products, the needed flexibility is built in. This is unlike
computer-aided design (CAD) and slicer software, which
are commonly used in 3D printing. With CAD software,
virtually any shape can be created, which allows production
of intricate structures or visually appealing drug products,
e.g. to regulate drug release profiles [17] or for pediatric
patients [18], respectively. Slicer software then converts this
computer model into a readable file by the 3D printer. The
user-friendliness and technical capabilities of these applica-
tions vary and it should be carefully considered whether they
meet all requirements.

Besides documents describing the common process for
medical device development, e.g. US FDA regulation 21
CFR 820 Subpart C Design Controls and ISO 13485 [19,
20], the International Medical Device Regulators Forum
(IMDRF) issued a document in 2023 where the concept
of a medical device production system (MDPS) was intro-
duced, i.e. considering the raw materials, production and
post-processing equipment, software and digital files, oper-
ating instructions, and the resultant medical device thereof
as a coherent system [21], including key considerations for
the MDPS design development and validation activities
[22]. Although a 3D printer is not a medical device and the
document explicitly stated that drug products are outside the
scope of these documents, a similar construction could be
considered for 3D printing of personalized medicine at the
point-of-care. This integral approach allows greater confi-
dence in the functioning of the system as a whole. Regard-
less of the used system, the responsible pharmacist should
always do a final check whether the envisioned production
process indeed results in the correct dose and suitable dos-
age form for the individual patient.

Across different 3D printing techniques for production
at the point-of-care, the relation between the CQA’s drug
content and release kinetics, and CPP’s is investigated most
often, generally using a design of experiments. The iden-
tified CPP’s can vary between different 3D printing tech-
niques. In inkjet printing, also known as drop-on-demand,
the pressure channel, system calibration, nozzle size and dis-
pensed volume were defined as CPP’s [23]. Process param-
eters affecting CQA’s in SLS are laser power, scan speed
and layer thickness [24]. While with FDM 3D printing, the
printing temperature, speed and tablet design, including
tablet size, infill percentage and layer height, were found
to be CPP’s [25, 26]. Interestingly, for extruding techniques
the nozzle size is often defined as a CPP which influences
the visual quality of 3D-printed drug products, because the
printing resolution is lower. However, smaller layer heights
with the same nozzle can result in high resolution drug
products with only a limited effect on the quality attributes
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[27]. This allows the design of a cartridge with an integrated
nozzle.

In this study, no design of experiments was performed,
therefore the impact size of the CPP’s on the CQA’s and
the consequential design space of each CPP were not deter-
mined. The design space is likely to vary between feedstock,
as it is dependent on material attributes [8], but not deter-
mined in this study. The aim of this study was to develop
a pharmaceutical 3D printer which can print a wide range
of feedstock. Therefore, the control strategies on the CPP’s
were defined independent of the design space and CMA’s.
During the preprocessing phase, i.e. during development
and production of the feedstock, the design space of each
CPP for that specific feedstock should be determined as
well as the CMA’s. The design space and CMA’s should
be determined for each 3D printer which is able to process
the feedstock, to allow considering the feedstock as part of
an MDPS.

Currently, the pharmaceutical 3D printer can only be
used at the point-of-care with specialized compounding
facilities. Indeed, the pre- and post-processing phases limit
the use at other point-of-care facilities. The preprocessing
phase ideally takes place at a centralized production facility,
e.g. the pharmaceutical industry or experienced production
pharmacies. Their equipment and know-how allows proper
development and production of feedstock, which could be
considered as intermediary drug products. Rigid quality
control and stability studies can be performed at these cen-
tralized production facilities. Subsequently the intermediary
products can be distributed to point-of-care facilities with a
pharmaceutical 3D printer, where the final drug product is
produced for an individual patient. This concept was suc-
cessfully investigated in an international multicenter study
with automated dosing technology [28]. The cartridges in
this paper were designed to be reusable, i.e. they can be used
in a circular system, where the cartridge is either prefilled by
the feedstock manufacturer, or refilled at the point-of-care
by the end-user. The cleanliness of the cartridges and the 3D
printer are very important, but not addressed in this paper.
Therefore, before use at the point-of-care, the 3D printer
should pass cleaning validations to ensure no cross contami-
nation occurs between batch productions.

To truly allow integration at point-of-care facilities, the
pharmaceutical 3D printers should be equipped with in-line
or post-processing tools to ensure consistent quality and
an end product that complies to the specifications. Process
analytical technology (PAT) tools have been investigated to
analyze CQA'’s. Near-infrared spectroscopy has been inves-
tigated as an in-line PAT tool, i.e. integrated analysis in the
production line, for drug content measurements [29, 30].
Others have integrated a balance in the print bed to measure
the weight of the drug products during manufacturing [28,
31]. Post-processing can be streamlined by printing directly
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in the final packaging, e.g. blisters [28]. While technically
challenging due to the layer height being a CPP in pharma-
ceutical 3D printing, direct-to-package printing limits the
contact time of the operator with the drug product, improv-
ing its safety and stability.

Conclusion

The pharmaceutical 3D printer described is suitable for use
at the point-of-care with specialized compounding facili-
ties. Critical process parameters, which influence the critical
quality attributes, are controlled through technical design
strategies to allow processing of a wide range of feedstock
into personalized 3D-printed drug products. While the regu-
latory landscape remains a challenge regarding 3D-printed
drug products, relevant guidelines were taken into account
during the design of the 3D printer. Continued development
leads to incorporation of process analytical technology tools
and upscaling of the feedstock development, further improv-
ing the quality, safety and accessibility of 3D-printed per-
sonalized medicine produced at the point-of-care.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12247-024-09889-9.

Author Contributions Conceptualization was done by IL. IL and TWJB
performed the investigation and wrote the original draft. Visualization
was done by TWJB. WHU, NO, HIG, KIMS reviewed and edited the
article. Supervision was under KJIMS.

Funding This study was funded by a research grant of the Dutch Min-
istry of Health, Welfare, and Sport (Foundation NFKC), and Kansen
voor West (KvW).

Data Availability Not applicable.

Declarations
Ethics Approval Not applicable.
Informed Consent Not applicable.

Competing Interests 1L, TWJB, HJG and KIMS declare that they have
no financial interests. NO, CEO and shareholder of Doser BV, and
WHU, shareholder of Doser BV, declare that they have financial inter-
ests in Doser BV. The authors have no non-financial interests to declare.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Gonzalez D, Rao GG, Bailey SC, Brouwer KLR, Cao Y, Crona
DJ, Kashuba ADM, Lee CR, Morbitzer K, Patterson JH, et al.
Precision dosing: public health need, proposed framework, and
anticipated impact. Clin Transl Sci. 2017;10(6):443-54. https://
doi.org/10.1111/cts.12490.

2. Lyousoufi M, Lafeber I, Kweekel D, de Winter BCM, Swen JJ, Le
Brun PPH, Bijleveld-Olierook ECM, van Gelder T, Guchelaar HJ,
Moes DJAR, et al. Development and bioequivalence of 3D-printed
medication at the point-of-care: bridging the gap toward person-
alized medicine. Clin Pharmacol Ther. 2023;113(5):1125-31.
https://doi.org/10.1002/cpt.2870.

3. Rodriguez-Pombo L, de Castro-Lépez MJ, Sanchez-Pintos P,
Giraldez-Montero JM, Januskaite P, Duran-Pifieiro G, Dolores
Boéveda M, Alvarez-Lorenzo C, Basit AW, Goyanes A, et al. Pae-
diatric clinical study of 3D printed personalised medicines for rare
metabolic disorders. Int J Pharm. 2024;657:124140. https://doi.
org/10.1016/j.ijpharm.2024.124140.

4. Huanbutta K, Burapapadh K, Sriamornsak P, Sangnim T. Practical
application of 3D printing for pharmaceuticals in hospitals and
pharmacies. Pharmaceutics. 2023;15(7). https://doi.org/10.3390/
pharmaceutics15071877.

5. Alzoubi L, Aljabali AAA, Tambuwala MM. Empowering preci-
sion medicine: the impact of 3D printing on personalized thera-
peutic. AAPS PharmSciTech. 2023;24(8):228. https://doi.org/10.
1208/512249-023-02682-w.

6. Wang S, Chen X, Han X, Hong X, Li X, Zhang H, Li M, Wang
Z, Zheng A. A review of 3D printing technology in pharmaceu-
tics: technology and applications, now and future. Pharmaceutics.
2023;15(2). https://doi.org/10.3390/pharmaceutics 150204 16.

7. Committee for Human Medicinal Products. ICH guideline Q8
(R2) on pharmaceutical development. London: European Medi-
cines Agency. pp. 1-24. EMA/CHMP/ICH/167068/2004.

8. YuLX, Amidon G, Khan MA, Hoag SW, Polli J, Raju GK, Wood-
cock J. Understanding pharmaceutical quality by design. AAPS J.
2014;16(4):771-83. https://doi.org/10.1208/312248-014-9598-3.

9. Helin-Tanninen M, Pinto J. Oral solids. In: Bouwman-Boer Y,
Fenton-May V, Le Brun PPH, editors. Practical pharmaceutics. 1st
ed. KNMP, Springer International Publishing Switzerland; 2015.
pp. 51-75. https://doi.org/10.1007/978-3-319-15814-3_4.

10. Lafeber I, Tichem JM, Ouwerkerk N, van Unen AD, van Uitert
1ID, Bijleveld-Olierook HCM, Kweekel DM, Zaal WM, Le Brun
PPH, Guchelaar HJ, et al. 3D printed furosemide and sildenafil
tablets: innovative production and quality control. Int J Pharm.
2021;603:120694. https://doi.org/10.1016/j.ijpharm.2021.120694.

11. European Commission. Eudral.ex - Volume 4 - Good Manufac-
turing Practice (GMP) guidelines. Available from: https://health.
ec.europa.eu/medicinal-products/eudralex/eudralex-volume-4_en.
Accessed 13 Nov 2024

12. Azad MA, Olawuni D, Kimbell G, Badruddoza AZM, Hossain
MS, Sultana T. Polymers for extrusion-based 3D printing of phar-
maceuticals: a holistic materials-process perspective. Pharmaceu-
tics. 2020;12(2). https://doi.org/10.3390/pharmaceutics12020124.

13. Rahman J, Quodbach J. Versatility on demand - the case for semi-
solid micro-extrusion in pharmaceutics. Adv Drug Deliv Rev.
2021;172:104-26. https://doi.org/10.1016/j.addr.2021.02.013.

14. Pedro F, Veiga F, Mascarenhas-Melo F. Impact of GAMP 5,
data integrity and QbD on quality assurance in the pharma-
ceutical industry: how obvious is it? Drug Discovery Today.
2023;28(11):103759. https://doi.org/10.1016/j.drudis.2023.
103759.

15. Goyanes A, Robles Martinez P, Buanz A, Basit AW, Gaisford S.
Effect of geometry on drug release from 3D printed tablets. Int

@ Springer


https://doi.org/10.1007/s12247-024-09889-9
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/cts.12490
https://doi.org/10.1111/cts.12490
https://doi.org/10.1002/cpt.2870
https://doi.org/10.1016/j.ijpharm.2024.124140
https://doi.org/10.1016/j.ijpharm.2024.124140
https://doi.org/10.3390/pharmaceutics15071877
https://doi.org/10.3390/pharmaceutics15071877
https://doi.org/10.1208/s12249-023-02682-w
https://doi.org/10.1208/s12249-023-02682-w
https://doi.org/10.3390/pharmaceutics15020416
https://doi.org/10.1208/s12248-014-9598-3
https://doi.org/10.1007/978-3-319-15814-3_4
https://doi.org/10.1016/j.ijpharm.2021.120694
https://health.ec.europa.eu/medicinal-products/eudralex/eudralex-volume-4_en
https://health.ec.europa.eu/medicinal-products/eudralex/eudralex-volume-4_en
https://doi.org/10.3390/pharmaceutics12020124
https://doi.org/10.1016/j.addr.2021.02.013
https://doi.org/10.1016/j.drudis.2023.103759
https://doi.org/10.1016/j.drudis.2023.103759

87

Page 12 of 12

Journal of Pharmaceutical Innovation (2024) 19:87

17.

18.

19.

20.

21.

22.

23.

24.

25.

J Pharm. 2015;494(2):657-63. https://doi.org/10.1016/j.ijpharm.
2015.04.069.

. Van Unen WH, De Boer TWJ, Ouwerkerk N. Print head and car-

tridge for an additive manufacturing device for forming a drug
delivery device. WO2024085759A1. 2023.

Kim YJ, Choi YR, Kang JH, Park YS, Kim DW, Park CW.
Geometry-driven fabrication of mini-tablets via 3D printing: cor-
relating release kinetics with polyhedral shapes. Pharmaceutics.
2024;16(6). https://doi.org/10.3390/pharmaceutics 16060783.
Scoutaris N, Ross SA, Douroumis D. 3D printed “Starmix” drug
loaded dosage forms for paediatric applications. Pharm Res.
2018;35(2):34. https://doi.org/10.1007/s11095-017-2284-2.
Food and Drug Administration, Department of Health and Human
Services. 21 CFR Part 820 Subpart C -- Design Controls. Avail-
able from: https://www.ecfr.gov/current/title-21/chapter-1/subch
apter-H/part-820/subpart-C. Accessed 13 Nov 2024
International Organization for Standardization. ISO
13485:2016(en) Medical devices - Quality management systems
- Requirements for regulatory purposes. [cited November 2024].
Personalized Medical Devices (PMD) Working Group. Personal-
ized medical devices - regulatory pathways. International Medi-
cal Device Regulators Forum. pp. 1-24, IMDRF/PMD WG/N58
FINAL: 2023 (Edition 2).

Personalized Medical Devices (PMD) Working Group. Person-
alized medical devices - production verification and validation.
International medical device regulators forum. pp. 1-33, IMDRF/
PMD WG/N74 FINAL: 2023.

Forbes TP, Gillen JG, Feeney W, Ho J. Quality by design consid-
erations for drop-on-demand point-of-care pharmaceutical manu-
facturing of precision medicine. Mol Pharm. 2024;21(7):3268-80.
https://doi.org/10.1021/acs.molpharmaceut.4c00032.

Gueche YA, Sanchez-Ballester NM, Bataille B, Aubert A, Rossi
JC, Soulairol I. A QbD approach for evaluating the effect of selec-
tive laser sintering parameters on printability and properties of
solid oral forms. Pharmaceutics. 2021;13(10). https://doi.org/10.
3390/pharmaceutics13101701.

Crisan AG, lurian S, Porfire A, Rus LM, Bogdan C, Casian T,
Lucacel RC, Turza A, Porav S, Tomutd I. QbD guided develop-
ment of immediate release FDM-3D printed tablets with custom-
izable API doses. Int J Pharm. 2022;613:121411. https://doi.org/
10.1016/j.ijpharm.2021.121411.

@ Springer

217.

28.

29.

30.

31.

. Digkas T, Porfire A, Van Renterghem J, Samaro A, Borodi G, Ver-

vaet C, Crisan AG, Iurian S, De Beer T, Tomuta I. Development
of diclofenac sodium 3D printed cylindrical and tubular-shaped
tablets through hot melt extrusion and fused deposition modelling
techniques. Pharmaceuticals (Basel). 2023;16(8). https://doi.org/
10.3390/ph16081062.

Henry S, De Wever L, Vanhoorne V, De Beer T, Vervaet C. Influ-
ence of print settings on the critical quality attributes of extrusion-
based 3D-printed caplets: a quality-by-design approach. Pharma-
ceutics. 2021;13(12). https://doi.org/10.3390/pharmaceutics13
122068.

Sandler Topelius N, Shokraneh F, Bahman M, Lahtinen J, Hass-
inen N, Airaksinen S, Verma S, Hrizanovska L, Lass J, Paaver U,
et al. Automated non-sterile pharmacy compounding: a multi-
site study in european hospital and community pharmacies with
pediatric immediate release propranolol hydrochloride tablets.
Pharmaceutics. 2024;16(5). https://doi.org/10.3390/pharmaceut
ics16050678.

Seoane-Viafo I, Xu X, Ong JJ, Teyeb A, Gaisford S, Campos-
Alvarez A, Stulz A, Marcuta C, Kraschew L, Mohr W, et al. A
case study on decentralized manufacturing of 3D printed medi-
cines. Int J Pharm X. 2023;5:100184. https://doi.org/10.1016/].
ijpx.2023.100184.

Yang TL, Szewc J, Zhong L, Leonova A, Giebultowicz J, Habashy
R, Isreb A, Alhnan MA. The use of near-infrared as process ana-
lytical technology (PAT) during 3D printing tablets at the point-
of-care. Int J Pharm. 2023;642:123073. https://doi.org/10.1016/j.
ijpharm.2023.123073.

Bendicho-Lavilla C, Rodriguez-Pombo L, Januskaite P, Rial C,
Alvarez-Lorenzo C, Basit AW, Goyanes A. Ensuring the quality of
3D printed medicines: integrating a balance into a pharmaceutical
printer for in-line uniformity of mass testing. J Drug Delivery Sci
Technol. 2024;92:105337. https://doi.org/10.1016/j.jddst.2024.
105337.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.ijpharm.2015.04.069
https://doi.org/10.1016/j.ijpharm.2015.04.069
https://doi.org/10.3390/pharmaceutics16060783
https://doi.org/10.1007/s11095-017-2284-2
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-H/part-820/subpart-C
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-H/part-820/subpart-C
https://doi.org/10.1021/acs.molpharmaceut.4c00032
https://doi.org/10.3390/pharmaceutics13101701
https://doi.org/10.3390/pharmaceutics13101701
https://doi.org/10.1016/j.ijpharm.2021.121411
https://doi.org/10.1016/j.ijpharm.2021.121411
https://doi.org/10.3390/ph16081062
https://doi.org/10.3390/ph16081062
https://doi.org/10.3390/pharmaceutics13122068
https://doi.org/10.3390/pharmaceutics13122068
https://doi.org/10.3390/pharmaceutics16050678
https://doi.org/10.3390/pharmaceutics16050678
https://doi.org/10.1016/j.ijpx.2023.100184
https://doi.org/10.1016/j.ijpx.2023.100184
https://doi.org/10.1016/j.ijpharm.2023.123073
https://doi.org/10.1016/j.ijpharm.2023.123073
https://doi.org/10.1016/j.jddst.2024.105337
https://doi.org/10.1016/j.jddst.2024.105337

	Design of a Pharmaceutical 3D Printer Using Quality-by-Design Approach
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Results
	Quality Target Product Profile
	Minimum Viable Product (MVP)
	Production Process Description
	Critical Process Parameters
	Mitigations and Control Strategies

	Discussion
	Conclusion
	References


