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Influence of fused deposition modelling printing 
parameters on tablet disintegration times: a design 

of experiments study

ABSTRACT

Despite the importance of process parameters in the printing 
of solid dosage forms using fused deposition modelling 
(FDM) technology, the field is still poorly explored. A design 
of  experiment study was conducted to understand the  complete 
set of process parameters of a custom developed FDM 3D 
printer and their influence on tablet disintegration time. Nine 
settings in the Simplify 3D printing process design software 
were evaluated with further experimental investigation 
 conducted on the influence of infill percentage, infill pattern, 
nozzle diameter, and layer height. The percentage of infill was 
identified as the most impactful parameter, as increasing it 
parabolically affected the increase of disintegration time. 
 Furthermore, a larger nozzle diameter prolonged tablet disinte-
gration, since thicker extruded strands are generated through 
wider nozzles during the printing process. Three infill  patterns 
were selected for in-depth analysis, demonstrating the clear 
importance of the geometry of the internal structure to resist 
mechanical stress during the disintegration test. Lastly, layer 
height did not influence the disintegration time. A statistical 
model with accurate fit (R2 = 0.928) and predictability (Q2 = 0.847) 
was created. In addition, only the infill pattern and layer height 
influenced both the uniformity of mass and uniformity of the 
disintegration time, which demonstrates the robustness of the 
printing process. 

Keywords: 3D printed tablets, disintegration time, fused depo-
sition modelling, design of experiments, printing parameters, 
uniformity of mass

Fused deposition modelling in a pharmaceutical setting is a novel 3D printing tech-
nology to adopt personalised treatment in traditional medicine. Material screening (1–4), 
filament characteristics (5–7), release kinetics (8–10) and tablet shape (11–13) have already 
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been extensively researched. On the other hand, process parameter investigation has not 
been widely addressed for pharmaceutical purposes. The reason might be the vast avail-
ability of different implementations of printing design and slicing software that also con-
trols the printing process. Each printing design, slicer, and process control software has its 
own settings, meaning that process parameters can hardly be compared between different 
studies and drawing conclusions is misleading (14). Novel slicing software tools are  devised 
with in-depth process parameters optimized for the printing process (15). This is an 
 opportunity to standardise the printing parameters for pharmaceutical purposes. 
 Additionally, each 3D printer has its own distinctive geometric and performance features, 
demonstrating that the values of the process parameters should be tailored to each  machine 
(16, 17). For example, filament liquefiers differ from each other in size, accuracy, and  capacity 
to process material (18). Therefore, the filament processing within the liquefier might be 
variable for each printer, and the temperature of the liquefier should be adjusted. The same 
applies to other parameters of the printing process.

Previous research has already addressed the dosage form design to some extent. Infill 
percentage demonstrated a clear influence on dissolution time of various API. Increase in 
the infill percentage results in longer release profiles due to a thicker, more compact core 
with lower porosity (8, 19–22). The infill patterns were also determined to have an impact 
(23). By improving the internal structure of the core via various patterns, the release profile 
can be extended. In case of MakerWare slicer software, the diamond infill pattern appears 
to yield the slowest release, while the linear or hexagonal pattern generates the fastest 
 release (20, 21, 24, 25). However, many printing design and slicer software offer a predeter-
mined set of patterns to choose from, which are different for each software implementa-
tion. Although important findings were published, it was not possible to relate the results 
between each study due to the specifics of the different slicers that were used. Further-
more, the influence of the layer height on the drug release profiles appears to be divisive. 
Theophylline release from Eudragit RL was somewhat reduced at the layer height of 0.4 mm 
compared to the layer heights of 0.1 and 0.2 mm (26). On the contrary, the caffeine release 
from a combination of polycaprolactone (PCL) and polyvinylpyrrolidone-vinyl acetate 
(PVP-VA) matrix was prolonged for the first 8 hours at the layer height of 0.2 mm,  compared 
to 0.3 and 0.4 mm (21). Furthermore, a decrease in mechanical properties was reported for 
polylactic acid (PLA) printed objects when changing the layer height from 0.1 to 0.3 mm, 
which might indicate a faster drug release (27). Overall, the impact of layer height on drug 
release is not yet clear. The printing speed is also relevant, since a moderate printing speed 
(30–60 mm s–1) leads to stronger and better quality prints. At higher speeds (> 75 mm s–1), 
the printed layer is incompletely solidified and does not provide adequate support for the 
following layers, leading to a structure of poor quality. Slower speeds (< 15 mm s–1) cause 
longer residence times in the hot nozzle, resulting in increased filament softening with the 
ensuing potential extrusion difficulties (23, 28). Additionally, a long residence time  exposes 
the drug substance to more heat, which can result in drug degradation. In the case of 
carvedilol, mainly the slow printing speed of 10 mm s–1 contributed to excessive total 
 product impurities (6). Alhijjaj et al. constructed a comprehensive review of several 
 materials, printing equipment, and process parameters and their influence on the weight 
and dimensional accuracy of printed objects. Although API release was not the primary 
focus of the study, it offers a valuable insight into equipment and process variables (29).
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Despite already published research, several process parameters were not yet explored. 
In addition, certain published findings are contradictory, for example, the influence of 
layer height. To understand the printing process and its influence on the final product, a 
preliminary study was first designed to explore 9 dosage form design and process para-
meters and their influence on the disintegration time of FDM printed tablets. Next, a design 
of experiment (DoE) study was created with careful selection of important parameters to 
understand the impact on disintegration time, uniformity of disintegration time, and uni-
formity of mass with the Simplify3D slicer software.

EXPERIMENTAL

Materials and 3D printing

Fast-soluble polyvinyl alcohol (PVA) filament of 1.75 mm thickness was purchased 
from eSUN (eSUN, China). Capsule-shaped tablets with dimensions of 18.0 × 8.0 mm with 
a fillet of 2 mm and without top and bottom layers were designed in SOLIDWORKS® 2018 
(Dassault Systèmes, USA). The object volume designs were structured, sliced, and  prepared 
for printing with Simplify3D® software (Simplify3D, USA). 3D printing was performed on 
a custom-made 3D printer FDM-3P (Zavod 404, Slovenia) (Fig. 1). It is composed of three 
printheads for simultaneous printing with three different filaments. Each printhead is 
equipped with two external ventilators to rapidly cool the deposited material. All printing 
was performed through the first printhead to prevent any potential variability between 
printheads. The printbed is large enough to accommodate up to 30 tablets in a single print-
ing cycle. To improve tablet adhesion, the printbed was covered with 3M blue painter’s 

Fig. 1. FDM 3P 3D printer with main parts.
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tape. The printing temperature was set to 165 °C to reach adequate filament flow from the 
printer nozzle, while the printbed was heated to 50 °C. If not explicitly specified, the fol-
lowing process parameters were set: 20 % infill, 0.2 mm layer height, rectilinear infill pat-
tern, 50 % outline overlap, no top or bottom layers, and 0.3 mm nozzle diameter. The 
printer was operated at a speed of 20 mm s–1. All tablets were rapidly cooled during print-
ing via an air-cooling ventilation system to prevent dimension variation due to slow cool-
ing. Six tablets were prepared for each specific experiment in the preliminary and the 
following DoE study. By varying the height of the tablet, the mass was maintained at 
 approximately 300 ± 12 mg. The height of the tablet ranged from 4.2 to 7.6 mm.

Selection of process parameters in the preliminary study

The Simplify3D software was studied for suitable tablet design and printing para-
meters and 9 were explored: infill percentage, infill pattern, printing layer height, outline 
overlap, start point, presence of top and bottom layers, printing mode, presence of tablet 
shell and nozzle diameter: 

–  Infill percentage represents the extent of filling of the tablet core (0–100 %). Higher 
infill percentages can retard drug release and vice versa (Fig. 2a).

–  The diameter of the nozzle represents the size of the printing nozzle. Thicker fila-
ment strands will flow through wider nozzles with potential effect on interlayer 
fusion and disintegration time (Fig. 2b).

–  Layer height is the height of each extruded layer. At lower layer height, more layers 
will have to be printed to achieve the same tablet height. However, layers are flatter 
when lower layer height is selected, leading to increased interlayer contact and 
 potential impact on disintegration time (Fig. 2c).

–  The infill pattern is the geometry of the core filling. Six basic infill patterns (wiggle, 
triangular, rectilinear, grid, fast honeycomb, full honeycomb) are available with 
 potential influence on the internal structure of the tablet and the surface area for 
polymer dissolution (Fig. 2d).

–  The outline overlap represents the percentage of contact between the shell and infill. 
High outline overlap could improve internal tablet stability and increase disintegra-
tion times (Fig. 2e).

–  The starting point setting controls the printing movement at the beginning of each 
layer and the printing time. At random starting points, each new layer starts print-
ing at a different location, while the printing time is longer. The optimised starting 
points are aligned on the same axis, where each new layer starts printing at the same 
location on top of the previous layer. As a result, the printing time is shorter. In the 
latter case, depending on the alignment of the filament structures between layers, 
an excess of material deposition might occur on the same vertical or slanted axis 
along the printed tablet. This could create a series of strong points with better resis-
tance against tablet disintegration, while the printing time is reduced (Fig. 2f).

–  The printing mode describes how the tablets will be printed. Sequential mode prints 
each tablet entirely before moving on to the next. The continuous mode first prints 
each layer of each tablet and then moves to the next layer. In the case of sequential 
mode, the printed layers do not fully solidify before a new layer is deposited. This 
could result in greater interlayer fusion and increased disintegration time (Fig. 2g).
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Fig. 2. Visualisation of printing parameters and display of settings in preliminary studies. a) Infill 
percentage; b) nozzle size; c) layer height; d) infill pattern; e) outline overlap; f) start point; g) printing 
mode; h) top and bottom layer presence and i) shell presence.
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–  The presence of solid top and bottom layers blocks water entry and increases the 
disintegration time (Fig. 2h).

–  The shell defines the number of outline layers that surround the core of the tablet. 
The shell creates a barrier for water intrusion, while high infills without the shell 
form a resistant internal structure (Fig. 2i).

Design of experiment study

A DoE study was set up with statistical software Modde 12.01 (Sartorius, Germany) to 
conduct a thorough investigation of the relevant printing parameters in terms of disinte-
gration time, mass uniformity and disintegration time uniformity. A D-optimal study 
design was selected with 28 experimental runs (Table I). Three levels were defined for each 
parameter. The infill was varied between 20, 30 and 40 %, the infill pattern between wiggle, 
rectilinear, and grid, the nozzle size between 0.2, 0.3 and 0.4 mm. The layer height was set 
to 33.3, 66.6 and 100 % of the nozzle size, since the layer thickness should not exceed the 
nozzle size for optimal printability.

Analysis of tablets

The prepared tablets or tablet-like structures were analysed for disintegration time, 
mass uniformity, and disintegration time uniformity. Tablet mass was determined on an 
analytical scale (Sartorius AX224, Sartorius AG, Germany) in 6 replicates and an average 
mass and relative standard deviation (RSD) were calculated. The disintegrating apparatus 
ERWEKA ZT4 (Erweka, Germany) was used to perform disintegration tests in 6 replicates 
according to TEST A of the European Pharmacopoeia (10th edition, 2020; 2.9.1. Disintegra-
tion of tablets and capsules) with distilled water at 37.0 °C used as immersion fluid. Due to 
the swelling nature and the potential sticking of the tablets, disks were not used in the 
study. Tablets were deemed disintegrated when no residue was visible within the tubes or 
the wire cloth.

RESULTS AND DISCUSSION

Preliminary study

Before designing and executing the DoE study, nine printing parameters were first 
screened to establish their influence and relations with the disintegration time. The per-
centage of infill, the pattern of infill, the height of the layer, and the diameter of the nozzle 
exhibited some influence on the disintegration time. However, the relationship was not 
clear at all levels. The percentage of infill can affect the dissolution and disintegration of 
3D printed tablets. This was confirmed as 30 % infill resulted in a longer disintegration 
time; however it was similar for 10 and 20 % infills (Fig. 3a). Since the infill was very low, 
the core of the tablet quickly disintegrated in both cases. The remaining shell determined 
the final disintegration time. Since the shell mass was similar for 10 and 20 % infill, the 
disintegration time was also comparable. It appears that at 30 % infill and higher, its effect 
on the prolongation of disintegration time dominates compared to the shell. For the nozzle 
size, faster disintegration was observed when the 0.2 mm size was used, while the sizes of 
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0.3 and 0.4 mm lead to somewhat slower disintegration (Fig. 3b). In case of larger nozzles, 
thicker extruded strands are deposited on the printbed. A wider shell and more contact 
between layers are expected, leading to longer disintegration. The layer height demon-
strated a less straightforward impact (Fig. 3c). The 0.1 mm layer height prolonged the dis-
integration time, while there was no difference between the 0.2 and 0.3 mm layer heights. 
Several infill patterns were also tested for their ability to advance the resistance of the 

Table I. Process parameter settings for each DoE run

Run Infill (%) Infill pattern Layer height (µm) Nozzle size (mm)

N1 20 wiggle 132 0.4

N2 40 wiggle 200 0.2

N3 20 wiggle 133 0.2

N4 20 wiggle 300 0.3

N5 40 wiggle 266 0.4

N6 40 wiggle 99 0.3

N7 30 wiggle 66 0.2

N8 30 wiggle 400 0.4

N9 40 rectilinear 66 0.2

N10 20 rectilinear 200 0.2

N11 40 rectilinear 200 0.2

N12 20 rectilinear 400 0.4

N13 40 rectilinear 400 0.4

N14 20 rectilinear 99 0.3

N15 30 rectilinear 132 0.4

N16 20 grid 66 0.2

N17 40 grid 132 0.4

N18 20 grid 200 0.2

N19 40 grid 400 0.4

N20 20 grid 266 0.4

N21 40 grid 133 0.2

N22 30 grid 200 0.3

N23 30 grid 200 0.3

N24 30 grid 200 0.3

N25 30 grid 200 0.3

N26 30 rectilinear 200 0.3

N27 30 rectilinear 200 0.3

N28 30 rectilinear 200 0.3
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tablet to disintegration at 30 % infill. The disintegration times were in increasing order as 
follows: wiggle < triangular < rectilinear < fast honeycomb < full honeycomb < grid (Fig. 
3d). The pattern of the tablet core clearly demonstrated the influence on the tablet’s ability 
to retain shape. The wiggle pattern resulted in the shortest disintegration with the least 
amount of internal support, as the tablet core quickly disintegrated. On the other hand, the 
grid pattern provided the longest disintegration time. A DoE study was designed to fur-
ther assess these four printing parameters.

The starting point distribution, the continuous and sequential printing modes, and 
the outline overlap do not appear to have an impact on the disintegration time of tablets 
(Figs. 3e, 3f, and 3g). The axially aligned starting point setting optimised for printing time 
does not create an axis of strong points, but it significantly reduces the printing time com-
pared to the random start point. In both cases, the disintegration time is comparable. 
Therefore, an optimised setting is the preferred option, as longer printing times can lead 
to greater drug degradation. A similar conclusion was reached for the printing mode. 
Continuous and sequential mode settings are comparable in disintegration time. Although 
continuous printing mode leads to a lower RSD in disintegration time, the printing process 
is slower and can include unnecessary oozing. Oozing can be explained as unwanted 
material deposition outside of the printing range. This can happen due to constant nozzle 
heating as filament can leak from the nozzle. When the print head is moving over an open 
space between objects, material deposition is not desired. To facilitate the printing process 
and reduce printing time, sequential printing mode is preferred. Outline overlap also does 
not contribute to disintegration time. Despite the closer contact between the shell and the 
tablet core at higher percentages of overlap, the overlap of the outline does not signifi-
cantly increase tablet stability in terms of disintegration times.

Lastly, the influence of external tablet layers (shell, top, and bottom layers) on the 
printed tablet disintegration time was examined. Inclusion of the top and bottom layers 
significantly contributed to the increase in the disintegration time, even though the tablet 
mass was constant (Fig. 3h). However, this result might be less pronounced at higher 
 infills. External layers composed of closely deposited adjacent filament threads act as a 
barrier to water entry, leading to longer disintegration. These results are supported by the 
finding of a much slower dissolution of diltiazem from tablets printed with hydroxypropyl 
methylcellulose (HPMC) based filament when the top and bottom layers were present (24). 
In addition, the outer shell with low infill appears to be less resistant to disintegration than 
the high-infill cores without a shell. The 60 and 80 % infill cores without shell provided a 
significantly longer disintegration in contrast to the 20 % infill with a shell (Fig. 3i). In the 
case of PVA, the tablet shell disintegrates quicker than a thicker tablet’s core. Therefore, a 
high infill is more important in the stability and resistance of the tablet to mechanical 
stress. The obtained results are corroborated by the study by Zheng et al. where dissolution 
of paracetamol tablets printed with HPMC-based filament revealed faster drug release in 
the case of tablets with 20 % infill and 0.4 mm shell (3 hours) compared to tablets with 80 
and 100 % infill and without shell (around 8 and 10 hours) (30).

Design of experiments study

Once initial relations were established, the infill percentage, the infill pattern, the 
layer height, and the diameter of the nozzle were investigated in a DoE study. In addition 
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to tablet disintegration time, mass uniformity and disintegration time uniformity were 
studied to gain a deeper understanding of the printing process and tablet reproducibility. 
The results of all experiments are summarised in Table II. The results of all responses 

Fig. 3. Influence of process parameters on tablet disintegration time. Influence of: a) infill percentage; 
b) nozzle size; c) layer height; d) infill pattern; e) outline overlap; f) start point; g) printing mode; h) 
top and bottom layer presence and i) shell presence.



414

K. Kreft et al.: Influence of fused deposition modelling printing parameters on tablet disintegration times: a design of experiments study, 
Acta Pharm. 73 (2023) 405–422.

 

 followed the normal distribution apart from the RSD of the disintegration time, where a 
logarithmic transformation of the results was used. Well-fitting models with rather good 
predictability (Q2 values relatively close to R2) were obtained (Fig. 4). Variations in tablet 
disintegration time were well explained by the model (R2 = 0.92). Good models were 
 obtained for the uniformity of mass and the uniformity of disintegration time, which are 

Table II. Summary of the results for all the responses in the DoE study

Run Disintegration time (s) Disintegration time RSD (%) Mass RSD (%)

N1 1812 7.98 1.32

N2 2007 10.20 1.36

N3 1454 21.58 1.57

N4 1635 11.69 1.29

N5 2012 11.95 1.19

N6 2141 6.60 1.17

N7 1769 20.08 1.34

N8 2073 8.51 1.30

N9 2358 8.26 0.98

N10 1662 6.69 0.93

N11 2206 4.24 0.93

N12 2092 4.35 0.91

N13 2649 4.71 0.60

N14 1947 7.13 0.81

N15 2070 4.18 1.16

N16 1908 7.86 1.56

N17 2481 4.87 1.38

N18 1836 4.98 1.30

N19 2598 5.88 0.99

N20 2356 8.73 1.12

N21 2481 6.08 1.15

N22 2232 4.36 1.30

N23 2236 2.95 0.94

N24 2357 1.97 1.01

N25 2150 2.09 1.20

N26 1787 5.76 1.16

N27 1948 7.00 0.91

N28 1943 7.87 0.95
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represented by their relative standard deviations (mass RSD: R2 = 0.70; disintegration time 
RSD: R2 = 0.73).

The effect of tablet design and printing parameters on the disintegration time was 
apparent. According to the coefficient plot, the infill percentage, nozzle diameter, and the 
infill pattern show a significant influence on the disintegration time (Fig. 5a). It was con-
cluded that the infill percentage has the greatest impact on the disintegration time. Not 
only is the slope on the prediction plot the highest, but the relation is also parabolic (Fig. 
6a). The result is in line with several publications on the topic of drug dissolution (3, 28, 
31–33). The disintegration time is relatively stable until the infill is set to around 25 %. The 
percentage of infill could contribute to the disintegration time only after a dense mesh is 
created. At lower infills, the core of the tablet disintegrates more rapidly than the tablet’s 
shell. This is corroborated in the preliminary study, where no differences in the disintegra-
tion time between 10 and 20 % infill were observed. Similarly to the infill percentage, the 
diameter of the nozzle also significantly affects the disintegration time, but in a linear 
 relationship (Fig. 6b). The nozzle diameter of 0.2 mm leads to disintegration time of around 
1900 s, while the diameter of 0.4 mm resulted in disintegration time of around 2100 s. 
Larger diameters of the nozzles generate thicker filament strands, which slow down the 
disintegration of the tablet. However, contrary to the finding in the preliminary study, 
changing the layer height does not appear to have any effect on disintegration time, as 
regardless of the layer height setting, the disintegration time was comparable at around 
2000 s (Fig. 6c). Lastly, different infill patterns affect the disintegration time. The wiggle 
pattern produced tablets with the fastest disintegration time, while the rectilinear and grid 

Fig. 4. Summary of fit plot for disintegration time (R2 = 0.918, Q2 = 0.793), uniformity of mass (R2 = 
0.702, Q2 = 0.432), and uniformity of disintegration time (R2 = 0.726, Q2 = 0.538).
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patterns resulted in moderate and prolonged disintegration times, respectively (Fig. 6d). 
Tablets with the wiggle pattern were especially fragile during handling, as the wiggle pat-
tern did not provide support on the short axis. These tablets easily succumbed to squeez-
ing at low forces. Therefore, the selection of an appropriate infill pattern might be the key 
in extending or facilitating drug dissolution from FDM printed tablets.

Mass uniformity is one of the critical quality parameters for pharmaceutical products. 
To ensure the correct dose of each individual tablet, the mass variability should be as low as 
possible. In the printing process, only the layer height and the infill pattern affect the relative 
standard deviation of the mass (Fig. 5b). The mass uniformity increases with higher layer 
heights. This can probably be simply explained by the number of material depositions. At 
lower layer heights, more layers need to be deposited to achieve the same tablet height. An 
element of error and deposition variability is introduced as more layers are created. Between 
the infill patterns, the wiggle pattern contributed the most to the mass RSD. Despite the fast-
est disintegration time, it might be the least suitable for the printing process. However, it is 
worth pointing out that the maximum mass RSD was below 2 % for all experiments. The 
rectilinear pattern exhibited the lowest inter-tablet mass variation, while the grid pattern 
resulted in slightly increased mass variation. The uniformity of the disintegration time was 
also examined. The data were logarithmically transformed to reduce the skewness of the 
original data. Only the infill pattern impacted the uniformity of the disintegration time (Fig. 
5c). The wiggle pattern again contributed the most to the RSD of disintegration time, while 
the grid pattern exhibited the best uniformity in disintegration time.

Fig. 5. Coefficient plot of the DoE study, showing the influence of the process parameters and their 
interactions on: a) the disintegration time; b) mass RSD, and c) disintegration time RSD, where inf is 
the infill percentage, nozz is the nozzle size, lay is the layer height, pat(A) is the wiggle infill pattern, 
pat(B) is the rectilinear infill pattern, and pat(C) is the grid infill pattern, while an interaction between 
two parameters is represented by asterisk. If the error bar crosses the line at 0, that parameter is not 
relevant and does not affect the response significantly.
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It appears that the infill pattern affects the uniformity of the material deposition and 
layer fusion. This should be considered when selecting the optimal printing parameters. 
From a mass uniformity standpoint, the rectilinear infill pattern is the most optimal, while 
the layer height should be set to high values. However, the infill percentage and nozzle size 
did not affect either of the RSD values. This shows that the printing process is robust 
enough to handle wide changes in the dosage form design and process parameters, which 
is advantageous for the adoption of 3D printing in a pharmaceutical setting.

Two interactions affecting the disintegration time were detected, one between the 
nozzle diameter and the layer height, and the other between the nozzle diameter and the 

Fig. 6. Prediction plots displaying impact of: a) infill; b) nozzle diameter; c) layer height and d) infill 
pattern on disintegration time within the input values. Pattern A is wiggle, pattern B is rectilinear, 
and pattern C is grid infill pattern. The green points represent three repeat measurements of tablets 
made with the same printing parameters (n = 3). Confidence interval was 0.95.



418

K. Kreft et al.: Influence of fused deposition modelling printing parameters on tablet disintegration times: a design of experiments study, 
Acta Pharm. 73 (2023) 405–422.

 

infill percentage (Fig. 7). The first interaction is presumably based on the dimensions of the 
deposited strands. The width of the deposited strands in the horizontal plane is defined 
by the diameter of the nozzle, whereas the width in the vertical plane is defined by the 
layer height. At low layer heights, the filament strands are flat, regardless of their diameter. 
In such a printing setup, the layers are well fused together because of the high surface 
contact between the deposited strands. Disintegration times are in such cases comparable 
regardless of the diameter of the nozzle. However, when the layer height is set to higher 
values, the nozzle diameter has a greater impact on the disintegration time. In this case, 
the strands are more upright and can offer less surface area for the interlayer bonds.  Thicker 
strands offer better structural integrity and can lead to slower disintegration times. On the 
contrary, thin strands disintegrate faster as water ingress is facilitated. This could explain 
the discrepancy in disintegration times at different nozzle diameter and layer height 

Fig. 7. Interaction plot displaying the effect of varying the nozzle diameter and: a) layer height or the 
nozzle diameter and b) infill percentage on the tablet disintegration time.
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 settings. The second interaction can be understood as a relation between the density of the 
tablet core and the thickness of the strand. At low infills, the disintegration time can vary 
depending on the selected nozzle diameter. It appears that in such instances the tablet core 
dissolves rapidly, while the shell defines the disintegration time. Larger nozzle diameters 
and thicker strands could result in slower disintegration of the shell and vice versa. There-
fore, the nozzle diameter has a greater impact on the disintegration time at lower infill 
percentages. However, the selection of the nozzle diameter does not appear to affect the 
disintegration process at high infills. Here, the disintegration time is defined by a densely 
meshed core. The shell presumably dissolves faster. Regardless of strand thickness, the 
infill percentage regulates the disintegration time at high values. All in all, the contribu-
tion of interactions towards disintegration time is much smaller compared to individual 
printing parameters.

CONCLUSIONS

The purpose of this study was to better understand the FDM printing process and the 
uniformity of the prepared tablets. Disintegration time, uniformity of mass, and unifor-
mity of disintegration time were defined as critical quality attributes. Nine process para-
meters were evaluated in a preliminary study, while four were selected for an in-depth 
DoE study. The infill percentage and the nozzle size both contributed to the increase in the 
disintegration time, while their influence on the uniformity of mass and the uniformity of 
the disintegration time was negligent. The infill pattern proved to be an important para-
meter for all critical quality attributes investigated. The wiggle pattern provided the least 
amount of internal stability to the tablet core and resulted in the fastest disintegration. It 
may be less suitable for use in a pharmaceutical setting because of the high mass and dis-
integration time RSD. The rectilinear pattern slightly prolonged tablet disintegration, 
while the grid pattern contributed the most to the increase of disintegration time. Both 
patterns provided excellent uniformity of mass and uniformity of disintegration time. 
Layer height did not affect disintegration time, but it did influence mass uniformity. It is 
worth pointing out, that the presented results can only be reproduced by the PVA filament 
from the same supplier. Commercial filaments normally contain small amounts of various 
additives to improve the printing process while also altering the properties of the filament. 
Nevertheless, the general learnings of the article can be applied to other materials and 
printing scenarios.

Because disintegration and dissolution times are related, our findings could be used 
to accelerate or prolong drug release with respect to the specific demand. Using FDM, 
 attaining immediate drug release can be challenging due to the inherent slow release of 
the drug from the polymeric matrix and the lack of appropriate polymers (34). By  carefully 
selecting the tablet design and process parameters, the immediate release profile could be 
facilitated to a certain extent. The release kinetics of prolonged drug release filaments 
could also be varied through manipulation of disintegration times.

Slicer software settings have not been thoroughly researched yet. With various  options 
to individually tailor each printed layer, more focus should be put on the field of printing 
parameters research. In this way, the desired release profiles could be facilitated for an 
improved personalised therapy.
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