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A B S T R A C T

Tablet subdivision is widely used for dosage adjustment, particularly in pediatrics and geriatrics, but conven
tional splitting often leads to poor dose uniformity, increased friability, and stability issues. This study explored 
the feasibility of two leading 3D printing technologies, fused deposition modeling (FDM) and binder jetting (BJ), 
for producing detachable tablets specifically designed for accurate subdivision. Tablets were designed with 
distinct score geometries (continuous and dotted) and fabricated using PVA (FDM) or calcium sulfate (BJ). In 
addition, a representative drug-loaded FDM sample was also evaluated. BJ tablets were further treated with 
saline to enhance structural cohesion. The printed dosage forms were systematically characterized for mass 
variation, mass loss, friability, pore volume, and morphology. Results demonstrated that FDM tablets achieved 
the highest performance, with mass variation consistently below 2% and negligible mass loss (<0.1%), even after 
subdivision into eighths, with comparable subdivision accuracy observed for the drug-loaded formulation. BJ 
tablets showed greater variability but achieved acceptable results when optimized with dotted-score design and 
saline post-treatment, with friability values (~0.3%), well below the 1% pharmacopeial limit. Morphological 
analyses confirmed improved cohesion and reduced porosity after post-treatment. Overall, these findings 
demonstrate the potential of 3D printing to overcome the limitations of conventional tablet splitting by enabling 
dosage forms specifically engineered for accurate and reproducible subdivision. This approach may complement 
both individualized and large-scale pharmaceutical manufacturing scenarios.

1. Introduction

Tablet subdivision into two or more parts is a common practice 
among patients and healthcare professionals, mainly to adjust dosage, 
facilitate swallowing, or reduce therapeutic costs [1–3]. However, this 
practice involves several risks, including compromised product stability, 
unintended operator exposure, and, most critically, dosage variability. 
Such variability can compromise therapeutic efficacy and potentially 
introduce toxicity risks [4–6]. Vulnerable populations, such as pediatric 
and elderly patients, are especially affected [7]. In fact, in pediatric 
populations, subdivision is often required due to the limited availability 
of age-appropriate dosage strengths and the need for weight-based 
dosing. In geriatric patients, subdivision becomes equally critical to 
enable individualized therapy in the context of comorbidities, 

age-related renal/hepatic decline, polypharmacy, and dysphagia [8,9].
The current powder compaction technology used in industrial 

manufacturing has inherent limitations in ensuring uniform fragments. 
Indeed, compacted matrices exhibit microstructural features that are 
challenging to control during compression, leading to unpredictable 
splitting outcomes [10,11]. As a result, uniform dosing across sub
divided units cannot be guaranteed [12–14], evidencing the need for 
alternative manufacturing technologies capable of producing tablets 
that can be safely and reliably divided [15].

Despite the pharmaceutical industry's challenges in manufacturing 
subdivisible tablets with assured quality, the demand for personalized 
pharmacotherapy has never been greater. Contemporary therapeutic 
approaches increasingly emphasize individualized treatment, tailored to 
patient-specific characteristics such as age, disease stage, genetic profile, 
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and comorbidities [16]. In practice, off-label tablet splitting is becoming 
more frequent, often relying on imprecise methods such as kitchen 
knives or scissors, underscoring the urgent need for more reliable 
technological solutions [17–19]. Critical examples include pediatric 
antiepileptics such as phenytoin and phenobarbital, and the 
high-potency antipsychotic haloperidol, widely prescribed in geriatrics. 
In such cases, dosing frequently requires splitting tablets into four or 
more fragments, rendering the final dose unpredictable and the subdi
vision procedure inherently risky [20,21].

Currently, three-dimensional (3D) printing technologies have gained 
significant traction in drug delivery, emerging as promising tools for the 
manufacture of personalized and innovative dosage forms. These tech
nologies combine electronic precision, modulation of drug release pro
files, and adaptability to individual patient needs [22,23]. Among the 
many 3D printing techniques, two have attracted particular attention in 
the pharmaceutical arena: Fused Deposition Modeling (FDM) and Binder 
Jetting (BJ). FDM stands out for its relatively low cost, reproducible 
control of printed structures, and applicability at both laboratory and 
industrial scales [24–26]. In contrast, BJ offers unique advantages such 
as room-temperature processing, enhanced porosity of the printed 
structures, and feasibility for large-scale production [27,28]. Both 
technologies directly address the clinical demand for treatment cus
tomization, enabling the incorporation of multiple drugs and tailored 
release profiles within a single dosage unit. Such drug combination in a 
single formulation is particularly relevant for the elderly population, 
who are often subject to polypharmacy [29].

Nevertheless, the current clinical landscape increasingly demands 
not only dose personalization but also practical flexibility for dose 
adjustment during treatment. In many clinical settings, dose titration 
must be implemented rapidly in response to dynamic physiological or 
therapeutic variables, sometimes within the interval between consecu
tive doses. Such situations are common in patients undergoing chemo
therapy, immunosuppressed transplant recipients, and individuals with 
diabetes, where treatment regimens are frequently adjusted according to 
laboratory results or clinical monitoring. Although 3D printing enables 
the production of individualized dosage units, generating a new tablet 
for each dose adjustment may not always be feasible in routine practice. 
In these scenarios, dosage forms specifically engineered to allow accu
rate and reproducible tablet subdivision can provide an additional and 
practical layer of therapeutic flexibility.

Traditional pharmaceutical manufacturing relies on compression of 
powder blends, and fracture propagation during tablet splitting is 
largely uncontrolled, often resulting in substantial dose variability. In 
contrast, additive manufacturing can enable the rational design of 
fracture-guiding geometries, allowing the subdivision process to be 
engineered during the design stage. This capability opens new oppor
tunities to improve dose accuracy and reproducibility during tablet 
subdivision, particularly for populations in which dose splitting is 
frequently required, such as pediatric and geriatric patients.

Furthermore, while 3D printing is often associated with fully indi
vidualized production, some additive manufacturing technologies, 
particularly binder jetting (BJ), also show strong potential for semi- 
industrial or industrial-scale pharmaceutical manufacturing. In such 
scenarios, dose personalization may still be constrained by the produc
tion of fixed nominal strengths, similarly to conventional pharmaceu
tical manufacturing. Indeed, the first FDA-approved 3D-printed 
medicine, Spritam® (levetiracetam), produced using BJ technology, is 
manufactured industrially in predefined strengths [25]. Under these 
conditions, detachable tablets may expand dose flexibility within a 
limited set of manufactured strengths, reducing the need for multiple 
product variants while still enabling individualized dose adjustments at 
the point of use.

For these reasons, detachable tablets should not be viewed as an 
alternative to individualized 3D printing, but rather as a complementary 
strategy that may enhance the practical applicability of additive 
manufacturing across both point-of-care and large-scale pharmaceutical 

production settings.
Therefore, this study investigates the feasibility of designing 

detachable tablets using two widely explored pharmaceutical 3D 
printing technologies, fused deposition modeling (FDM) and BJ, for 
producing safer, more reliable, subdivisible tablets. To this end, 
detachable-scored tablets were designed for each technology and spe
cifically adapted to allow accurate manual subdivision into multiple 
parts. For this exploratory study, matrices commonly used for each 
technique were selected, namely polyvinyl alcohol (PVA) for FDM and 
calcium sulfate hemihydrate for BJ [27]. In addition, to enhance the 
translational relevance of the study, a representative drug-loaded FDM 
filament formulation was also evaluated. The printed dosage forms were 
characterized in terms of mechanical properties, morphology, and 
microstructure to demonstrate their potential for precise and repro
ducible dose subdivision.

2. Materials and methods

2.1. Materials

VisiJet PXL Core (calcium sulfate hemihydrate), VisiJet PXL Clear 
binder, and Ware Cure Solution (magnesium sulfate heptahydrate) were 
obtained from 3D Systems (Rock Hill, SC, USA). Parteck® MXP (PVA, 
polyvinyl alcohol, lot F2304664422) was acquired from Merck KGaA 
(Darmstadt, Hesse, Germany). Caffeine (lot BCBS9512V) was purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Glycerol (lot 129,208) was 
obtained from Dinâmica (São Paulo, Brazil).

2.2. 3D models of detachable tablets

The detachable tablet models were designed using Tinkercad soft
ware [30,31]. The initial design consisted of a flat circular tablet, a 
geometry commonly employed in industrial tablet manufacturing, with 
a diameter of 15 mm and a height of 6 mm. Based on this template, 
different score configurations were implemented to enable subdivision 
into halves, quarters, and eighths, without the need for auxiliary tools 
such as tablet splitters or knives (Fig. 1). After tests with the two selected 
3D printing techniques, three final models were selected for this study.

The tablets produced by BJ were designed to contain score lines in 
two distinct geometric configurations. The first configuration consisted 
of a continuous score line with a width of 1 mm and a depth of 2.5 mm. 
The second configuration featured a dotted score line composed of 
discontinuous 2 mm segments distributed along the scoring path. Both 
models had identical external dimensions (15 mm in diameter and 6 mm 
in height) differing only in the internal geometry of the score line, as 
illustrated in Fig. 2. In contrast, for the FDM model, a more pronounced 
central score was required to allow manual subdivision. This modifica
tion consisted of a deeper (5 mm) and wider (1 mm) slit, resulting in a 
more prominent separation of the planned fractions (Fig. 2). Such an 
adaptation was necessary to compensate for the greater hardness and 
elasticity of the thermoplastic matrix used in the FDM platform.

For FDM printing, a Creality CR-10 SE 3D printer (Shenzhen, China) 
was employed. Previously, a drug-loaded filament was produced based 
on PVA plasticized with glycerol (8%, w/w) and containing caffeine as a 
model API (20%, w/w), adapted from a previously reported formulation 
[32]. The filament was prepared by hot-melt extrusion without recir
culation using a co-rotating conical twin-screw extruder (HAAKE Min
iCTW, ThermoScientific, Waltham, MA, USA) operated at 160 ◦C and 
50 rpm with a die diameter of 1.8 mm. The extruder was coupled to a 
filament tractor equipped with an air-cooling system and an automated 
diameter measurement device (FTR1, Filmaq3D, Curitiba, Brazil). A 
placebo formulation containing PVA (90%, w/w) and glycerol (10%, 
w/w) was also produced under the same processing conditions.

The obtained filaments were printed under the following conditions: 
nozzle temperature 180 ◦C, bed temperature 50 ◦C, nozzle diameter 
0.4 mm, layer height 0.2 mm, and printing speed 20 mm/s, using a 
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zigzag infill pattern. An infill density of 20% was selected based on 
preliminary trials indicating that this condition provides adequate me
chanical cohesion while still allowing controlled fracture propagation 
during tablet subdivision. This infill level was therefore adopted as a 
representative operational printing condition for the study.

For BJ, tablets were fabricated on a ProJet® 460Plus 3D printer (3D 
Systems, Rock Hill, SC, USA), using VisiJet PXL Core (calcium sulfate 
hemihydrate) as the powder base and VisiJet PXL Clear as the binder. 
Key parameters included a layer thickness of 0.1 mm and a print head 
resolution of 300 × 450 dpi (x, y). Following printing, tablets were 
carefully removed from the powder bed and subjected to depowdering 
using compressed air.

2.3. Post-treatment of binder jetting tablets

The need for post-treatment of tablets produced by BJ was prelimi
narily assessed using different subdivision designs and treatment con
ditions. Three tablet geometries (subdivision into 2, 4, and 8 parts) and 
three post-treatment conditions were evaluated: (i) no solution applied; 
(ii) application of 200 μL (100 μL per face); and (iii) application of 
400 μL of saline solution (200 μL per face). The solution, supplied by the 
printer manufacturer, consisted of Epsom salt (magnesium sulfate hep
tahydrate) in water, intended to enhance surface hardness and cohesion 
of the printed structures. The application was performed using a volu
metric pipette via controlled dropwise addition to ensure precise volume 
deposition on each tablet. After treatment, the tablets were allowed to 
dry at room temperature (around 25 ◦C) for at least 24 h to ensure 
complete solvent evaporation and structural stabilization. Tablets were 

Fig. 1. 3D tablet models designed for subdivision into halves, quarters, and eighths, using binder jetting (BJ) and fused deposition modeling (FDM).

Fig. 2. 3D models of detachable tablets designed for binder jetting (BJ) and fused deposition modeling (FDM), showing score lines configurations. Cross-sectional 
views illustrate the depth, width, and structural design of the score lines required to optimize fracture propagation.
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manually subdivided, and mass loss was determined as described in the 
subsequent section.

Morphological analysis of BJ tablet surfaces was performed using 
scanning electron microscopy (SEM; JEOL JSM-7001F, Tokyo, Japan). 
Before analysis, samples were sputter-coated with a thin metallic layer 
to ensure conductivity and suitability for high-vacuum observation. This 
assay aimed to evaluate the surface microstructure of tablets, enabling 
visualization of particle distribution, pore presence, and matrix 
compactness.

2.4. Mass measurements

3D-printed detachable tablets were manually subdivided into halves, 
quarters, or eighths according to the pre-designed scores. Each tablet 
was weighed on an analytical balance (AUY 220, Shimadzu, Kyoto, 
Japan) before and after subdivision (n = 10). The percentage mass 
variation was calculated as the deviation between the measured mass of 
each subdivided fraction (Md) and the theoretical mass, obtained by 
dividing the intact tablet mass (Mw) by the number of subdivisions (Q), 
as shown in Equation (1). 

Mass variation (%)=

⃒
⃒
⃒
⃒100 −

(
100 × Md

Mw/Q

)⃒
⃒
⃒
⃒ (Equation 1) 

The mass loss originating from fragmenting and/or powdering was 
expressed as a percentage and calculated from the difference between 
the initial mass (Mw) of the whole tablet and the sum of the respective 
tablet fraction's mass, as indicated in Equation (2). 

Mass loss (%)=

⎡

⎢
⎣

(

Mw −
∑∞

i=o
Md

)

× 100

Mw

⎤

⎥
⎦ (Equation 2) 

Statistical analyses were performed using Jamovi software (version 
2.6). Data were first evaluated for normality and homoscedasticity. The 
Kruskal–Wallis test was applied to detect overall differences among the 
groups, followed by the Dwass–Steel–Critchlow–Fligner post hoc test for 
multiple pairwise comparisons. Statistical significance was established 
at p < 0.05.

2.5. Friability

The friability test was performed in accordance with USP guidelines 
[33] using a SP Labor friabilator (model SP-FR, N◦S:00119/008, São 
Paulo, Brazil) to evaluate the tablets' abrasion resistance. Samples were 
weighed, placed in the friabilator drum, and subjected to 100 rotations 
at 25 ± 1 rpm.

Twenty fragments of whole, halved, quartered, or eighth tablets were 
weighed before (Wb) and after (Wa) the friability test. Tablets with an 
individual mass ≥650 mg were used, in accordance with pharmacopeial 
recommendations for friability testing [33]. Any adhering powder was 
carefully removed from the tablet surfaces to prevent fine particles from 
interfering with the measurement. Friability was then calculated ac
cording to Equation (3): 

Friability (%)=
(Wb − Wa) × 100

Wb
(Equation 3) 

2.6. Determination of porosity

The porosity of the tablets was determined to estimate the fraction of 
the internal structure occupied by pores. For this purpose, a combined 
approach using three-dimensional modeling and gas pycnometry was 
employed.

The total apparent volume (Vi) of each tablet was obtained from the. 
stl file generated during the three-dimensional modeling process using 
Meshmixer software (Autodesk, version 3.5.474). This software 

calculates the solid's geometric volume from its three-dimensional mesh. 
The effective volume (Vf) was determined by gas pycnometry using an 
Ultrapyc 5000 Micro instrument (Anton Paar, Ashland, VA, USA) with 
ultra-high purity nitrogen as the displacement gas. This technique en
ables the measurement of the true volume occupied by the solid mate
rial, excluding the void spaces accessible to the gas.

The porosity (VP%) was calculated from the difference between the 
total and effective volumes according to Equation (4): 

Porosity (%)=
(Vi − Vf) × 100

Vi
(Equation 4) 

ANOVA was performed, followed by Tukey's post hoc test for pair
wise comparisons. Statistical significance was established at p < 0.05.

2.7. Optical microscopy

Whole and subdivided 3D tablets were examined using a stereomi
croscope (SZT model, Laborana, São Paulo, Brazil) at a 
2 × magnification. The images obtained enabled the identification of 
structural defects, such as microcracks, chipping, and particle detach
ment, as well as the assessment of the integrity of the pre-designed score 
regions. This analysis provided complementary morphological evidence 
regarding the quality of the fracture surfaces and the efficiency of the 
subdivision design.

3. Results and discussion

3.1. Post-treatment of BJ tablets

Post-processing is a commonly required step in BJ 3D printing, aimed 
at enhancing the mechanical strength and structural cohesion of the 
printed object [27]. In the specific context of tablet subdivision, one of 
the approaches evaluated in this study was the application of a mag
nesium sulfate (Ware Cure Solution) solution.

Mass loss testing was employed to assess the effectiveness of the post- 
treatment in maintaining the integrity of BJ-printed tablets. The results 
demonstrated that solution application significantly reduced material 
loss upon subdivision, indicating improved cohesion and mechanical 
robustness of the subdivided tablets (Table 1). This effect was particu
larly relevant in tablets with more complex subdivision geometries, 
which exhibited greater structural fragility in the absence of treatment.

Among the evaluated conditions, the 400 μL application volume 
yielded the most favorable outcomes, with minimal mass loss across all 
tested geometries. These findings suggest that this level of post- 
treatment promotes surface consolidation of the tablets, thereby 
improving their stability during handling and subdivision.

SEM analysis revealed marked morphological differences between 
tablets with and without post-treatment using the saline solution. In the 
untreated samples, the micrographs showed a highly porous and disor
ganized surface, characterized by poorly compacted particles and 
loosely connected interparticulate voids (Fig. 3). This morphology 
highlights the weak cohesion among matrix constituents, which likely 
explains the higher mass loss observed in the preliminary subdivision 

Table 1 
Mass loss after subdivision of binder jetting tablets with and without saline post- 
treatment.

Number of 
subdivisions

Mass loss (%)

No post- 
treatment

Post-treatment 
200 μL

Post-treatment 
400 μL

Halves 0.14 ± 0.07a 0.08 ± 0.03d 0.02 ± 0.01e

Quarters 0.44 ± 0.07b 0.14 ± 0.03a 0.05 ± 0.01e

Eighths 1.26 ± 0.52c 0.59 ± 0.25b 0.13 ± 0.03a

Different superscript letters (a–e) indicate statistically significant differences 
(p < 0.05) according to Dwass–Steel–Critchlow–Fligner.
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tests, particularly in tablets designed with multiple score lines.
In contrast, the tablets subjected to post-treatment with saline 

exhibited a visibly denser, more compact microstructure. The particles 
showed improved interconnection, with partial filling of superficial 
pores and a more uniform organization, indicating that the solution 
effectively acted as a surface-binding agent. This enhancement in matrix 
cohesion facilitated the subdivision process. Indeed, significantly lower 
mass loss values were recorded for the post-treated tablets, particularly 
under the 400 μL condition, which consistently yielded the smallest 
variation after splitting.

These findings are consistent with previous studies demonstrating 
that saline post-treatment enhances interparticulate bonding by pro
moting the formation of solid bridges through a mechanism commonly 
referred to as cold recrystallization sintering [27,34]. In this process, the 
applied liquid solution acts as a temporary vehicle, partially dissolving 
surface regions of the solid particles and enabling their reorganization, 
followed by recrystallization that generates stronger and more cohesive 
bonds between the particulate components. Such a consolidation 
mechanism explains the improved structural integrity and reduced mass 
loss observed in the treated tablets. Based on these results, all subse
quent experiments in this study were conducted exclusively with tablets 
subjected to post-treatment with 400 μL of saline solution per unit.

3.2. Mass measurements

One of the most critical requirements in tablet subdivision is the 
ability to generate fragments of equivalent mass, which, in the case of 
homogeneous solid matrices, should correspond to equal drug dosage 
[3,35]. In conventional commercial tablets, recent studies have reported 
that mass variation after subdivision into halves may reach up to 50% of 
the intended dose [3]. In contrast, quartering can lead to alarming de
viations of up to 60% from the target mass [35]. Subdivision into eighths 
is not feasible with traditional manufacturing technologies, and no 
reliable source data are available; however, off-label medical practice 
reports instances of multiple tablet fragmentations [1]. For instance, in 
pediatric onco-hematology, chemotherapeutic tablets such as mercap
topurine are frequently split—sometimes into as many as one-eighth of a 
tablet—thereby increasing the risk of dose inaccuracy at an unaccept
able level [36].

The 3D-printed detachable tablets demonstrated clear superiority 
over the subdivision of conventional commercial tablets (Fig. 4). For 
halves, the mean mass variation observed with 3D printing was below 
1.5%, representing a nearly 7-fold reduction compared to the typical 
variability reported for market tablets [3]. Similarly, detachable tablets 
subdivided into quarters also performed remarkably well, with mass 
variation not exceeding 4%. Subdivision into eighths, which is generally 
considered impractical using conventional manufacturing, yielded 
highly promising results with 3D printing: FDM drug-loaded and 

placebo tablets exhibited mean mass variations of 1.4 ± 1.1% and 
1.5 ± 1.3%, respectively, whereas BJ dotted-score tablets showed a 
higher variation of 3.8 ± 3.1%. Nevertheless, all values remained well 
within the FDA acceptance limit of ±10% for split tablets [37].

When comparing the two 3D printing platforms, FDM consistently 
produced lower mass variation values, which can be attributed to the 
plastic and cohesive nature of PVA matrices. Notably, the incorporation 
of the drug into the PVA polymeric matrix did not affect subdivision 
performance, as no statistically significant differences were observed 
compared with placebo FDM tablets. A previous study from our group 
further corroborates this finding, showing that polymer-based matrices 
exhibit a more uniform and mechanically robust internal structure, 
thereby improving their suitability for subdivision. In that work, 
Soluplus-based tablets displayed a mean mass variation of 3.9% for 
halves [38].

The introduction of the dotted-score design in BJ tablets reduced 
mass variation, particularly in more complex subdivisions (quarters and 
eighths). In contrast, FDM tablets consistently maintained low vari
ability under all conditions, reaching only 1.72 ± 2.35% in the eighths, 
further reinforcing their excellent performance in multiple subdivisions. 
Importantly, similar subdivision accuracy was observed for tablets 
printed from the drug-loaded filament, despite the known influence of 
drug incorporation on the rheological and mechanical behavior of FDM 
matrices. In this case, the mean mass variation remained below 1.5% 
across halves, quarters, and eighths, matching that of the placebo FDM 
tablets. From a clinical perspective, these values represent a substantial 
improvement over conventional commercial tablets.

In conventional commercial tablets, subdivision commonly leads to 
crumbling at the fracture site, resulting in unintended dose loss. Regu
latory standards stipulate that such loss should not exceed 3% [37]. 
However, studies have shown that splitting conventional tablets often 
results in a significant reduction in mechanical strength, leading to mass 
losses exceeding 10% [3,35]. In this respect, the detachable 3D-printed 
tablets achieved particularly impressive results (Fig. 5). Even when 
subdivided into eighths, mass loss remained below 0.3%. Once again, 
FDM (placebo or drug-loaded) emerged as the standout technology, 
showing nearly negligible mass loss, underscoring its robustness and 
suitability for accurate subdivision. Regarding the BJ models, the 
dotted-score design again demonstrated superior performance 
compared to the continuous-score, regardless of the subdivision level. 
This finding highlights that score geometry plays a decisive role in 
determining the mechanical strength, fracture propagation, and struc
tural integrity of the printed tablets.

3.3. Friability

The friability of subdivided tablets is a critical quality attribute, since 
the resulting fractions are typically handled by patients and stored for 

Fig. 3. Scanning electron microscopy images of tablets with and without saline post-treatment (400 μL), at magnifications of 120 × .
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Fig. 4. Mass variation (%) of detachable 3D-printed tablets fabricated by 
binder jetting (BJ)—with continuous or dotted score designs—and fused 
deposition modeling (FDM) —placebo or drug-loaded. Tablets were manually 
divided into (A) halves, (B) quarters, and (C) eighths. Comparative data for 
commercial tablets were obtained from the literature (# [3]; ## [35]). ϕ = no 
data available. The dashed line indicates the FDA's guidelines for tablet split
ting. * (p < 0.05), ** (p < 0.005).

Fig. 5. Mass loss (%) of detachable 3D-printed tablets fabricated by binder 
jetting (BJ)—with continuous or dotted score designs—and fused deposition 
modeling (FDM) —placebo or drug-loaded. Tablets were manually divided into 
(A) halves, (B) quarters, and (C) eighths. Comparative data for commercial 
tablets were obtained from the literature (# [3]; ## [35]). ϕ = no data available. 
The dashed line indicates the FDA's guidelines for tablet splitting. * (p < 0.05), 
** (p < 0.005).
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subsequent use – conditions that can lead to additional mass loss and, 
consequently, unintended dose reduction [11].

In this study, all friability values remained well below the pharma
copoeial limit of 1% (Fig. 6). Particularly, the plastic matrices of FDM- 
printed detachable tablets demonstrated exceptional mechanical 
robustness, with negligible friability values across all subdivisions. Once 
again, the incorporation of the model drug into the polymeric matrix, 
even at a relatively high loading of 20% (w/w), did not compromise the 
mechanical properties of the FDM detachable tablets. This observation is 
consistent with previous reports on polymeric tablets composed of 
continuous matrices, which are sufficiently rigid to withstand impact 
stresses and thereby minimize material loss by chipping or crushing 
[38].

In contrast, powder-based matrices, such as those produced by BJ, 
often pose greater challenges in terms of mechanical performance. 
Conventional subdivision of powder-compacted tablets usually results in 
friability values exceeding pharmacopoeial specifications (Fig. 6). 
Indeed, a recent study reported friability levels above 1.5% for halved 
and quartered tablets, mainly due to fragile edges and reduced me
chanical strength after fracture [35]. Against this background, the fria
bility outcomes achieved with BJ 3D-printed detachable tablets in the 
present work are particularly remarkable, with values of approximately 
0.3%, below the 1% pharmacopoeial threshold.

The enhanced performance of BJ tablets can be attributed to the 
saline post-treatment, which played a decisive role in strengthening the 
particulate matrix. As evidenced by SEM analysis, the application of a 
magnesium sulfate solution led to partial filling of surface pores, 
improved particle interconnection, and greater uniformity of the matrix 
microstructure [27,34]. These newly formed bonds markedly increased 
matrix cohesion, thereby reducing friability and improving the tablets' 
resistance to handling and storage stresses.

3.4. Porosity

The pore volume results (Table 2) reveal distinct behaviors between 
tablets produced by BJ and FDM. For both BJ designs, dotted and 
continuous score lines, the pore volumes are similar (32–36%), 
regardless of the number of subdivisions. In contrast, FDM tablets 
exhibited a pronounced reduction in porosity as subdivision complexity 
increased. For placebo FDM tablets, porosity decreased from 
23.86 ± 0.93% for halves to 6.62 ± 1.72% for eighths. A similar trend 
was observed for drug-loaded FDM tablets, in which porosity decreased 
from 28.44 ± 0.73% for halves to 5.22 ± 0.39% for eighths.

This difference stems from the fundamental consolidation mecha
nisms of each process. BJ creates a porous microstructure by selectively 
depositing binder over a powder bed, joining particles primarily at 
contact points while retaining interparticle voids [34,39]. Although the 
binder homogenizes porosity across the structure, minor variations can 
arise from binder distribution and local geometry [27]. The introduction 
of dotted scores did not markedly alter the overall pore volume in BJ 
tablets, but a slight tendency toward increased porosity was observed. 
This effect could be associated with reduced local densification in the 
modified score regions, which were purposefully designed to facilitate 
fracture.

In contrast, FDM printing forms compact, layered structures by 
depositing and fusing molten polymer filaments [40]. As the number of 
score lines increases, the model introduces additional perimeter layers 
surrounding each subdivided section, with more outer shells. These solid 
boundaries occupy a greater fraction of the total volume, while the infill 
region between them becomes proportionally smaller. Consequently, 
the internal void fraction decreases, producing denser tablets with fewer 
interlayer gaps. This phenomenon explains the strong inverse correla
tion between subdivision and porosity observed for FDM tablets.

A slightly higher pore volume was observed for the drug-loaded FDM 
tablets compared with the placebo, particularly for the half and quarter 
configurations (Table 2). This difference may be attributed to the 

Fig. 6. Friability (%) of detachable 3D-printed tablets fabricated by binder 
jetting (BJ)—with continuous or dotted score designs—and fused deposition 
modeling (FDM) —placebo or drug-loaded. Tablets were manually divided into 
(A) halves, (B) quarters, and (C) eighths. Comparative data for commercial 
tablets were obtained from the literature (# [3]; ## [35]. ϕ = no data available. 
The dashed line indicates the FDA guidelines' limits for tablet splitting. * (p <
0.05), ** (p < 0.005).
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presence of the drug which can modify the rheological behavior of the 
molten filament during extrusion and deposition. The incorporation of 
caffeine may reduce melt viscosity and alter the flow and spreading 
behavior of the deposited strands, leading to less efficient interlayer 
fusion [41]. In addition, the presence of dispersed drug domains within 
the polymer matrix may locally interfere with polymer chain interdif
fusion during filament welding, further contributing to slightly 
increased porosity.

Overall, FDM tablets were substantially less porous than BJ- 
produced tablets, even before subdivision. While BJ inherently pro
duces open-porous matrices due to its particle-binder bonding mecha
nism, FDM enables tunable compactness through geometric parameters, 
such as wall count and infill density. This structural distinction is 
consistent with prior reports showing that BJ parts typically exhibit high 
porosity and low mechanical strength, whereas FDM products are denser 
and more mechanically robust [34,40].

3.5. Microscopy

Optical microscopy (Fig. 7) enabled a detailed assessment of the 
surface topography and feature definition of tablets fabricated by BJ and 
FDM, with emphasis on the engineered score lines for subdivision into 
halves, quarters, and eighths.

3D tablets produced by the BJ model with continuous scores 
exhibited lower-resolution section areas and irregular edges, particu
larly in tablets intended for multiple subdivisions. In these cases, excess 
deposited material along the intended fracture lines was evident, which 
may have contributed to the higher mass loss and mass variation 
recorded experimentally.

In contrast, BJ dotted-score 3D tablets showed sharper and more 
well-defined fracture lines, regardless of the number of subdivisions. 
The dotted pattern appeared to act as a more efficient mechanical guide 
for crack initiation and propagation, enabling more accurate splitting 
and reducing mass loss (Fig. 7). This effect was reflected in lower values 
of mass loss, mass variation, and friability, particularly for tablets 
divided into quarters and eighths. The dotted-score feature proved 
especially advantageous as the subdivision complexity increased, 
becoming critical for successful splitting into eight parts.

FDM 3D tablets (placebo or drug-loaded), on the other hand, 
exhibited highly regular score lines with superior resolution, charac
terized by deeper and more uniform contours. The controlled deposition 
of polymer filaments during layer-by-layer construction resulted in 
consistent, reproducible score lines. This continuous filament arrange
ment facilitated directed crack propagation, which was consistent with 
the low mass variation and negligible mass loss observed across all 
subdivision conditions.

Differences in printing resolution and edge fidelity were evident 
between the platforms. In BJ, feature resolution is constrained by 
powder particle size distribution, layer thickness, and binder droplet 
dynamics [27,34]. By contrast, FDM constructs the score as a continuous 
extrudate track with controllable nozzle diameter, road width, and layer 
height, which tends to yield sharper score line contours and higher 
geometric fidelity at the score edges compared with powder-bed BJ 
[42]. FDM typically delivers cleaner, better-defined score morphology 
due to the absence of powder rearrangement and binder migration at the 
feature boundary [27,42].

Mechanistically, binder saturation and particle packing in BJ govern 
neck growth and feature sharpness, whereas in FDM, filament lay down 
and raster orientation control the local anisotropy at the score root—two 
levers that rationalize the sharper, more uniform score profiles observed 
here for FDM and the improved BJ outcomes when the score geometry is 
optimized (e.g., dotted-score) and binder/post-processing are tuned [34,
42].

Overall, despite the inherent limitations of the BJ technique, the 
findings demonstrate that promising subdivision performance can be 
achieved through appropriate optimization of tablet geometry. In 
particular, the adoption of the dotted-score design represents an effec
tive strategy to improve tablet divisibility and ensure dose accuracy in 
3D-printed dosage forms manufactured by BJ.

Rather than replacing individualized dose printing, detachable 3D- 
printed tablets are proposed as a complementary strategy that expands 
dose-adjustment flexibility in both large-scale and point-of-care 3D- 
printing settings. This approach provides an intermediate layer of 
adaptability for scenarios in which rapid or temporary dose adjustments 
are clinically required or where batch-based 3D printing is adopted at 
industrial scale.

4. Conclusion

This exploratory study demonstrated that FDM and BJ 3D printing 
technologies are feasible and effective platforms for the production of 
detachable tablets, offering significant advantages over conventional 
manufacturing for accurate and reproducible subdivision. FDM consis
tently delivered superior outcomes in terms of mass variation, mass loss, 
friability, and score line definition, primarily due to the cohesive nature 
of plastic matrices and the higher geometric fidelity inherent to 
extrusion-based printing. Moreover, the inclusion of a representative 
drug-loaded FDM formulation further confirmed the robustness of the 
proposed detachable-tablet design, supporting its translational rele
vance. On the other hand, BJ, although less resolved, proved capable of 
achieving satisfactory subdivision performance when optimized through 
dotted-score design and saline post-treatment.

Taken together, these results reinforce the transformative potential 
of 3D printing for personalized pharmacotherapy, enabling the creation 
of dosage forms that combine dose flexibility, mechanical robustness, 
and regulatory compliance with pharmacopeial requirements. This work 
establishes a proof-of-concept foundation and opens avenues for future 
research, particularly focusing on drug-loaded formulations, in vitro and 
in vivo performance, and scale-up to industrial settings. Such de
velopments could accelerate the translation of 3D-printed detachable 
tablets into clinical practice, contributing to safer and more effective 
individualized treatments across a wide range of therapeutic areas, 
particularly in populations where tablet subdivision is routinely 
required, such as pediatric and geriatric patients.

Declaration of generative AI and AI-assisted technologies in the 
writing process

During the preparation of this work, the authors used ChatGPT 4 in 
order to review the English translation. After using this tool, the authors 
reviewed and edited the content as needed and took full responsibility 
for the content of the publication.

Table 2 
Pore volume of tablets according to printing technique and number of subdivisions.

Number of subdivisions Pore volume (%)

BJ dotted scores tablets BJ continuous score tablets FDM placebo FDM drug-loaded

2 34.89 ± 0.72ab 32.75 ± 0.61b 23.86 ± 0.93c 28.44 ± 0.73f

4 36.61 ± 0.34a 33.34 ± 1.69b 11.52 ± 0.60d 18.62 ± 0.88g

8 36.67 ± 0.42a 34.88 ± 0.93ab 6.62 ± 1.72e 5.22 ± 0.39e

Different superscript letters (a–g) indicate statistically significant differences (p < 0.05) according to Tukey's post-hoc test.
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