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Abstract: Recently, 3D printing techniques gained much attention in solid dosage form production.
Even though the methods are increasingly studied, there are still many challenges in establishing
an accurate content of active ingredients in the final products. In the present study, new
experimental design techniques and statistical software were developed to identify and optimize a
formula to predict the mass of the tablet to be 3D printed before it actually is. The first step was to
develop a virtual 3D object in the FreeCad Software, then, using a CURA slicer software, the G-code
Format was obtained. The tablets were printed using a Cartesian 3D printer based on the generated
data. Finally, adapting the object sequencing mode, a predicted drug mass value was obtained. As
expected, the oblong tablet's scaling directly influences its mass. The software generates a
correlation coefficient (r) of 0.84, confirming the directly proportional relationship between scaling
and tablet weight. However, the r values progressively decreased, indicating a poor correlation
between tablet weight and other factors: infill density percent (v = 0.403) and wall thickness (r =
0.185). After repeating the 3D printing with the values suggested by the software, tablets with a
practical value of 1066 mg were obtained. Considering that the confidence interval calculated is
[834.95—1165.05] and the experimental value is 1066 mg, it can be certified that the proposed model
is valid.

Keywords: 3D printing; oblong tablets; statistical methods; parametric optimization

1. Introduction

3D printing has emerged in the technological context of prototyping [1], offering the advantage
of producing a unique, individualized object in a noticeably short timeframe and at a relatively low
cost. Classical mass production methods provide a meager price per unit built only if that product is
made in large quantities so that the cost of designing and executing models and templates divided
by the number of units is low. The 3D printer does not need a fixed mold for producing drugs; it only
uses data from mathematical software that can be adapted to different needs.

A 3D printer is a limited industrial tool [2] that can perform an additive process under computer
control. There are several 3D printing technologies: extrusion printing (FDM), powder printing (SLS),
or stereolithography (SLA). FDM is the most used method, which has prevailed due to low printer /
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consumable costs. This method generally operates as a raw material, a filament of material that is
melted at a specific temperature and deposited in layers on a glass or aluminum bed.

The 3D printing process involves creating a three-dimensional object using a model designed in
a particular computer program: Autocad, Catya, FreeCad, etc. It is transferred to a 3D printer which,
with the help of numerical commands received from the PC unit, executes the 3D model in a physical
object. This technique is also called stereography. More precisely, a physical object is obtained by
superimposing successive layers on the height. These layers are cross-sections through the digitally
drawn thing. Thus, to get a 3D printed sphere, a dimensioned drawing is executed in a CAD program
and is converted into stereolithography (STL) format [3]. This STL is then processed by a sequencing
program (Slicer, Repeater Host, Cure). This program sets the electronic and physical parameters of
the 3D printer and turns the STL object into numeric commands that will determine the path of the
3D printer's writing tool. During STL object processing, the program breaks down the object into
layers (horizontal sections) with a thickness from 0.0lmm to 1mm, thus obtaining lower or higher
resolutions. After analyzing the object, the program can generate a G-code (working instructions for
the printing press). Once the 3D printer has provided the working instruction, it will recreate the
physical object by composing the sections received from the sequencing program.

In 2015, the Food and Drug Administration (FDA) approved for human use the first
pharmaceutical form that uses 3D printing as a technological process to the American company
Aprecia Pharmaceuticals (Langhorne, Pennsylvania, USA) [4]. Aprecia is the global leader in 3D
printing pharmaceutical manufacturing. It aims to diminish the patient's daily pills number, thus
increasing treatment compliance. Through ZipDose Technology, Aprecia binds multiple layers of
powder blend —excipients and active pharmaceutical ingredients (API)— by impregnation with a
liquid [5]. The results are high-dosage tablets quickly disintegrating in the mouth with a small water
volume.

However, various factors have limited extensive 3D printing technology implementation, i.e.,
3D printers are not following GMP standards [6], and a limited number of excipients are suitable for
3D printing [7-10]. Shuaib et al. [11] found that 3D printing diminishes manufacturing time, material
wastage, and environmental degradation but uses more energy. Despite previously mentioned
aspects, a few more pharma companies aim to revolutionize the pharmaceutical industry through 3D
printing technologies. Thus, FabRx (London, UK) performed the first 3D printer for personalized
drugs (M3DIMAKER) [12]. It aims to facilitate 3D-printed personalized medicines with different
properties on demand [13]. Merck (Darmstadt, Germany) recently focused on 3D-printed tablets for
clinical trials before their preparation on a commercial scale. Using MED 3D printing platform—
accepted into the FDA's Emerging Technology Program in 2020 — Triastek Inc. (Nanjing, China) aims
to control the drugs' onset time, APl release period, and organism interactions through a personalized
pill design with various geometries and shapes. Finally, GlaxoSmithKline (Brentford, U.K.) explores
the potential of API to be transformed into a 3D printer therapeutic ink to obtain more effective 3D-
printed drugs [14].

One of the 3D printing technology benefits is the possibility of producing properly dosed
pharmaceutical forms [15]. Since the entire mechanized system of the printer is coordinated by
computing processors and the information is mechanized by stepper motors that work in tenths of a
millimeter, the dosage of a 3D printed pharmaceutical product can have a resolution comparable to
those in the existing pharmaceutical field [16].

However, 3D printers were not designed to create pharmaceutical forms with a specific mass.
Hence, the present work aims to decipher this low-studied problem of 3D printing drugs. Although,
due to the operating system, the reproducibility is very good [17], clearly superior to other types of
manufacturing, the amount of material required is commonly used to generate the product cost.
These calculations can be found in the application that produces the machine's writing code (G-code).
It causes the consumption of the material used by multiplying the length of the filament required for
printing by the area of its section. Depending on the density of each material, the application can
provide the necessary mass of material for each object.
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2. Materials and Methods

2.1. Development in the FREECAD Software of the Virtual 3D Object

One of the significant advantages of drug printing compared to conventional methods is that
the specialist who develops the drug can use almost any possible form suitable for the product. In
this way, complex geometric shapes can be created that can be incorporated into their design:
labyrinths for water intake "water uptake"; single or double walls; walls with variable thickness
(points that will give priority to the contact of the medicine with the stomach liquid); geometric
shapes with various contact surfaces (toroids, prisms, etc.) and variable degrees of filling that can
help the medicine float in the gastric liquid.

Therefore, we created a design like an oblong tablet; it is widespread in the current industry.
This design allows a more extensive contact surface with the glass bed of the printer than in the case
of round tablets. An oblong tablet is more accessible to swallow than a cylindrical tablet; higher tablet
masses can be used. For example, if we want to obtain a drug with a total amount of 800 mg, we can
use a cylindrical tablet with a diameter of 13 mm and a height of 4-5 mm. In the case of an oblong
tablet, we will need a length of 18-19 mm but a lower diameter (only 8 mm) and height (3-4 mm).
Thus, the cross-section of the oblong tablet will be smaller than that of the cylindrical tablet; this
aspect is essential for elderly patients, especially those with swallowing problems.

Finally, a 3D object formed by joining a rectangular prism with two semi-cylinders of the same
height at the ends of the prism was built in the open-source FreeCAD software [18] using the Fusion
function to create the three-dimensional geometric shape. The elliptical figure was rounded on the
edge using the Fillet function of the software. The edges were rounded to a radius of curvature of
3mm. After its exact measurement, the CURA slicer software [18,19]exported it as an STL object.

2.2. Obtaining the G-CODE Format using the CURA 3D Slicer

After obtaining the STL format [20], a conversion must be realized between the virtual 3D object
and a language that the 3D printer can use. More precisely, we need work instruction with the help
of which we can order the printer's mechanisms differently to produce the desired object. The CURA
slicer[21] is software that follows the adjustments made by the operator, generating precise
instructions for the 3D printer. Thus, the filament type and its melting temperature value could be
chosen [22], such as the printer bed temperature, the percentage of scaling and filling, the wall
thickness, the resolution of the 3D printing process, etc.

2.3. Printing the Drug Using a Cartesian 3D Printer

An ENDER 3 Cartesian 3D printer was used, with the following characteristics: the resolution
(minimal layer thickness)— 0.1Imm; the number of extrusions—1; the writing nozzle diameter— 0.4
mm; the optimal layer thickness —0.1-0.4mm; the maximal print size: 220 x 220 x 250 mm; the maximal
print speed —180mm/s; the supported file format: G-code, OB]J, STL. It has a glass mirror as a bed
surface. It supports materials such as acrylonitrile butadiene styrene (ABS), polylactic acid (PLA),
thermoplastic polyurethane (TPU), polyethylene terephthalate glycol (PETG), and polyvinyl alcohol
(PVA).

The printer was loaded with 1.75 mm PVA filament and brought to a "start" position. The
distance between the writing head and the glass printer bed was adjusted to 0.1 mm.

The first experiments were performed by direct printing on the unheated printer bed. However,
the melted filament did not adhere to the glass surface, and the printing process was dissolved.

After the preliminary bed cleaning, a solution of 2.5% polyvinylpyrrolidone (PVP) in ethanol
was sprayed on the printer bed [23]; the printing process occurred this time without problems.
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2.4. Obtaining a Predicted Drug Mass Value by Adapting the Object Sequencing Mode and Interpreting the
Experimental Data using the Design Expert Statistical Software

The statistical software Design Expert was used to perform a series of experiments and interpret
how each factor influences the mass of the tablet. To use the range of possible tools offered by this
new technology in the future, we need to see the influence of factors on the properties of 3D-printed
drugs.

To observe the phenomenology of the process, we used 3 essential parameters:

e Scaling of the tablet - the higher the scaling is than 100%, the bigger the medicine is, but it will
also have a larger contact surface with the environment.

e Infill density - the higher the density, the greater the mass, but water penetration inside the
oblong tablet is slower during dissolution. The predominant dissolution phenomenon will be
through mold erosion so that the dissolution profile will be slower.

e  Wall thickness - the greater the thickness, the greater the mass; the environment must erode
the outer wall to be able to penetrate. The dissolution process will be prolonged for the first
time after administration. After the environment erodes the wall, we will encounter a
condition similar to the previously experienced infill density.

3. Results

3.1. Development in the FREECAD Software of the Virtual 3D Object

The results of the first phase are displayed in Figure 1.

A B

Figure 1. Making a 3D object in the shape of an oblong tablet in the Open Source FreeCAD software:
A. Creating the basic profile; B. Rounding of sharp surfaces.

The elliptical object was rounded on the edge using the Fillet function of the software. The edges
were rounded to a radius of curvature of 3mm. After the exact measurement of the object, it was
exported as an STL object for use by the CURA slicer software.

3.2. Obtaining the G-CODE Format using the CURA 3D Slicer

Figure 2A shows the preparation for printing 10 oblong tablets. The machine's settings are for
the filament obtained in tablets. In the present case, it was decided to use a polyvinyl acetate (PVA)
filament. PVA is a common excipient, non-toxic, water-soluble, used in the pharmaceutical field; it
has a melting point of around 180-200 °C.

The PVA filaments are used in 3D printing because they are elastic and not brittle; these
properties facilitate their extrusion.
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Figure 2. Viewing the 3D object during sequencing in the Open Source Ultimaker Cura software. A.
A longitudinal section through the oblong pills; B. A cross-sectional view through the structure of the
oblong tablets.

Figure 2B shows the visualization of the path the writer's head takes. It can be seen the choice of
parameters corresponding to 3D printing. The printing temperature was set at 215 °C, tablet fill
density at 50%, tablet outer wall thickness at 0.8 mm, and tablet scaling at 100%. In the end, the
software executes a simulation of the process, generating the approximate execution time and the
required amount of material.

3.3. Printing the Drug Using a Cartesian 3D Printer

Figure 3A displays the Cartesian 3D Printer.

The writing head of the 3D printer during the material deposition is presented in Figure 3B. The
internal structure of the tablet has a degree of filling of 50%.

The pills obtained through the 3D printing process are shown in Figure 3C.
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Figure 3. A. ENDER 3 Cartesian 3D printer; B. A sequence in the 3D printing process of pills; C. 3D
tablets after the 3D printing process.

3.4. Obtaining a Predicted Drug Mass Value by Adapting the Object Sequencing Mode and Interpreting the
Experimental Data using the Design Expert Statistical Software

We performed a Box-Benken study, considering 3 significant factors: the scaling percentage, the
infill density (%), and wall thickness (mm) for calculating the 3D-printed oblong tablet mass (mg).
Thus, each factor's maximal and minimal values were established, and the response's value as the
average weight of the 3D printed tablets was set (Table S1 from Supplementary Material). Thirteen
experiments were performed on the same 3D printer in the same temperature, speed, and layer
thickness conditions. The selected model was the Box-Benken quadratic model [24].

The Design Expert software generated the experiments' succession (Table S2 from
Supplementary Material).

As expected, the oblong tablet's scaling directly influences its mass (Figure 4A). The software
generates a correlation coefficient (r) of 0.84, confirming the directly proportional relationship
between scaling and tablet weight.

However, the r values progressively decreased, indicating a poor correlation between tablet
weight and other factors: infill density percent (r = 0.403, Figure 4B) and wall thickness (r = 0.185,
Figure 4C).

The response surface and standard deviation of the 3D-printed oblong tablet depend on the infill
degree and scaling when the wall thickness is 1 mm (Figure 4D).
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Figure 4. A-C. The level of correlation between the Tablet mass and A. Scaling percentage (%); B.
Infill density (%) and C. Wall thickness (mm). D. The response surface of the Standard Deviation of
the model depends on the degree of filling and scaling of the 3D object.

The model of the 3D-printed oblong tablet is analyzed in Tables S3 and 54 from Supplementary
Material. Finally, the quadratic model that maximizes the values of the adjusted and predicted R?
coefficients was chosen.

After ensuring that all model statistics and diagnostic plots were optimal, the analysis was
completed using the Model Graphs icon (Figures 5 and 6).
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Figure 5. A. The response surface of the final mass of the tablet is influenced by the infill density and
the scaling of the 3D printed drug when wall thickness = 1 mm, B. The response surface of the final
mass of the tablet is influenced by the wall thickness and the scaling of the 3D printed drug when
infill density = 55%, C. The response surface of the final drug mass is influenced by the infill density
and the wall thickness of the 3D printed drug when scaling is 100%, D. Selection of the targeted mass
of the 3D printed drug; E. Selecting a solution to obtain the desired tablet mass.

After establishing and verifying the model to define the phenomenon (Figure 5A-C), we can use
the application to experiment, through which we will indicate the oblong tablet mass desired (Figure
5D). and the software will generate, based on the performed analysis, the parameters that we must
set the printer to reach the targeted mass (Figure 5E, and Figure 6).
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Figure 6. A. Response surface with the set value of the tablet mass (1000 mg); B. The location of the
desired point (1000 mg) in the virtual cubic space of the experiments.

All data analyzed are displayed in Table S5 from Supplementary Material.

After repeating the 3D printing with the values suggested by the software, tablets with a
practical value of 1066 mg were obtained. Considering that the confidence interval calculated with
data displayed in Table S5 is [834.95—1165.05] and the experimental value is 1066 mg, we can certify
that the proposed model is valid.

The importance of this model lies in the fact that it can be added constraints for specific
parameters and vary the ones left free. For example, if a tablet with a target mass and a fast dissolution
profile is wanted, the wall thickness may be restricted to a maximum of 2 rows (0.4 x 2 = 0.8 mm).
However, if a slow-release tablet is wanted, the thickness can be limited to several layers, and the
filling degree can be restrained to over 50%.

Thus, a wide range of options are possible to obtain the appropriate mass and the required
dissolution profile, which is desirable in personalized medicine.

4. Discussion

Currently, the most widespread method of dosing medicinal substances is controlling the mass.
If the concentration of the active substance in the total mixture that forms the medicine is known, the
current method of obtaining the required dose is by adjusting the mass of the drug.

For solid forms, their mass is the only pharmacotechnical parameter for dosing the active
substance during the manufacturing process. In the case of tablets, obtaining a mass is done
volumetrically by diminishing the lower punch into the mold at a well-established depth. Depending
on this depth, the density of the powder mixture, and other factors related to the powders' flow
characteristics and the tableting machine's feeding system, tablets with a uniformly distributed mass
can be obtained. Furthermore, the process is similar in the case of hard gel capsules filled with
pharmaceutical powders. The mass of the encapsulated mixture is volumetrically controlled either
by dropping the mixture directly into the capsule or using stainless steel syringes.

The uniformity of the mass of tablets and capsules must comply with point 2.9.40 of the
European Pharmacopoeia [25], the current edition. To ensure the consistency of dosage forms, each
unit in a batch must have an active substance contained within a narrow range of values around the
value declared on the package. Usually, this range is 95-105% of the value reported on the packaging.

In the case of 3D technology, a volumetric principle can be applied to obtain a desired mass, but
different from the classical one. In the case of Fused Deposition Modeling (FDM) 3D printing [26],
the filament with the active substance is melted and deposited in layers to form the printed medicine.
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This melt is made from a filament of known diameter. The most used filaments have a diameter
of 1.75 mm and 3.00 mm. A gear of gears driven by a stepper motor pushes a well-defined filament
length towards the heated print nozzle. The assembly formed by the filament gearing system and the
heated nozzle is called the extruder. Several types of extruders used in FDM printers are described.

In the direct-drive extruders [27], the gearing system and the heated nozzle are grouped on the
axis "x" of the printer. They allow easier printing of elastic filaments and have a better response to
pushing the filament. It presents an increased mass of the sub-assembly, which forces the
transmission system. In the case of printers with a light chassis, this increased mass can generate
artifacts caused by excessive vibrations.

The Bowden extruders [28,29] have a gearing system and the heated nozzle far from each other.
The heated nozzle is placed on the "x" axis of the printer, and the gear is located separately. The
gearing pushes the filament through a Teflon tube towards the heated nozzle. Bowden extruders
have the advantage of reducing the mass of the x-axis and allowing the use of a less rigid structure
of the printers. Their disadvantage is the elasticity of the Teflon tube (Bowden). The filament is
pushed by the extruder gear and tension the Bowden tube. The filament flows evenly during writing,
but when the script stops, a portion of the filament is still under pressure and melts further, even if
the gear is not moving. It is necessary to retract the filament, change the direction, or stop the casting
process to avoid unwanted leakage of the printed piece. The appropriate setting of the retraction
significantly depends on the type of filament, the temperatures, the speeds at which the work is being
done, and the operator's experience.

The screw extruders [30,31] are systems without filaments. A screw extruder is used to push the
material toward the melt nozzle. Currently, work is being done on their optimization. High pressure
builds up inside the extruder (back pressure), which, when passing through areas where the printer
must not write, the molten mixture continues to flow out of the extruder. The retraction function
cannot be used as efficiently as in the case of filament extruders.

The extruders with syringes [32] use liquid or semi-solid substances added through needle-type
nozzles. Volumetric control is done with the help of syringe pistons controlled by stepper motors.
3D printers were created to create solid objects with variable mechanical resistance. If, for example,
it is desired to make a thing that will bear great forces in use, the interior can be built entirely for the
object's resistance. We thus speak of a 100% filled solid object (infill 100%). For objects that will not
be used in applications where they are not subjected to high forces, it is uneconomical to use 100%
filled objects. For example, it can be created as an object with a degree of filling of 15-30%. Thus, the
object's exterior is wholly molded, but hexagonal or cubic structures are printed inside. The time
required for printing is considerably reduced, and the amount of material used is much smaller,
substantially reducing the manufacturing cost.

Until now, most of the works published in the field of 3D drug printing have used 100% filling
degrees and varied the mass of the tablets by increasing or decreasing the object's size.

Therefore, Alvaro Goyanes printed a Paracetamol and Caffeine drug in a PVA matrix. It used a
fill rate of 100%. The article does not study the control of the drug mass, but the only option is to scale
(enlarge or reduce the object) to vary its mass [33,34]. The same author also studied the influence of
the geometry of 3D-printed tablets on the dissolution profile of the active substance [35]. The
researcher used Paracetamol in PVA to obtain different-sized tablets in this study. Five shapes could
be printed: pyramid, toroid, sphere, cube, and cylinder. The contact surface of the tablet with the
dissolution medium greatly influences the release profile of the active substance. The results indicate
that the toroidal shape presents a dissolution profile that resembles O-order kinetics. The infill degree
was 100%. The only dosing method would be to change the size of the tablet.

The present study analyzed a new method of obtaining a tablet with a desired mass. The concept
of "personalized" medicine assumes that each patient has a single dose of their medicine. Thus, we
propose using three essential parameters from the 3D printing software to obtain the desired mass.
We got lighter tablets using different infill degrees other than 100%. It must be considered that this
aspect will also influence the failure of kinetics.
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Another critical factor is the tablet's outer layers (shell layers). The more layers the tablet has,
the more its mass increases, but the liquid will have a more challenging time penetrating the tablet,
and the yield profile will be slower. Finally, the scaling of the object usually used by the rest of the
researchers will be used to obtain the desired mass.

Thus, we obtained tablets with the desired mass and optimal release profile by varying one, two,
or all three parameters. We used statistical experiment design software, "Design Expert" v. 2021 (Stat-
Ease, Inc., Minneapolis, Minnesota, USA), to achieve this goal.

Future studies will analyze the influence of these factors on the tablet mass and the interaction
between them. The infill degree could obtain lighter or heavier liquid penetration into the tablet to
modify the failure profile.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Tables S1-S5.
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