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ARTICLE INFO ABSTRACT

Keywords: The use of co-processed materials for Orally Disintegrating Tablets (ODT) preparation by direct compression is
3D printing well consolidated. However, the evaluation of their potential for ODT preparation by 3D printing technology
Binder jetting

remains almost unexplored. The present study aimed to estimate the use of commercially available co-processed
excipients, conventionally applied in compression protocols, for the preparation of ODTs with binder jetting-3D
printing technology. The latter was selected among the 3D printing techniques because the deposition of multiple
powder layers allows for obtaining highly porous and easily disintegrating dosage forms. The influence of some
process parameters, including layer thickness, type of waveform and spread speed, on the physical and me-
chanical properties of the prototypes printed were evaluated. Our results suggested that binder jetting-3D
printing technology could benefit from the co-processed excipients for the preparation of solid dosage forms.
The process optimization conducted with the experiments reported in this work indicated that additional ex-
cipients were needed to improve the physical properties of the resulting ODTs.

Orally disintegrating tablets
Co-processed excipients

1. Introduction

Orally Disintegrating Tablets (ODTs) are oral solid dosage forms that
disperse almost instantly in the mouth and can be swallowed without
needing water co-administration [1]. Thanks to their ease of swallow-
ing, ODTs are a valid and efficient alternative for medicines adminis-
tration to some patients’ categories such as geriatric [2], pediatric [3] or
psychiatric patients [4], and for patients that suffer from dysphagia [5].
ODTs can also be a valid alternative to improve gastric or duodenal
absorption, to reduce the variability of transit through the pylorus or for
active ingredients that act locally in the upper part of the digestive
system. Furthermore, the ODT formulations can show better pre-gastric
absorption avoiding first-pass metabolism and thus resulting in a faster
onset [6].

Several approaches are used to prepare ODTs, including moulding,
mass extrusion, freeze-drying and direct compression [7]. The ODTs
prepared with the latter two technologies are characterized by a higher
porosity that allows a quicker disintegration when they come into
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contact with saliva. 3D printing technology, specifically the binder-
jetting approach, can produce highly porous objects that could meet
the physical and biopharmaceutical characteristics required for ODTs.
Recently, 3D printing technology has attracted a lot of attention due
to its great potential and versatility. It is an additive manufacturing
technique based on the principle of adding material layer upon layer to
create an object. The use of 3D printing technology began in the 80s with
the introduction of new printing techniques and materials with different
physical and mechanical characteristics [8]. This production technique
has been developed in very different areas, such as the aerospace in-
dustry [9], construction and architecture [10,11] among others. In the
healthcare area, 3D printing technology has found multiple applications,
ranging from biomedicine (tissue engineering, surgical implants, pros-
theses, orthopaedics and dentistry) [12] to the production of surgical
tools and in operative planning, providing imaging with higher resolu-
tion concerning 2D radiological imaging of patient anatomy [13,14]. In
pharmaceutics, this technology has been employed for the preparation
of modified-release forms including rapidly disintegrating and
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Fig. 1. Schematic representation of inkjet-based 3D printing.

sustained-release devices [15,16].

The most used 3D printing methodologies in the pharmaceutical field
are Fused Deposition Modelling (FDM), Semisolid Extrusion (SE), Ma-
terial Jetting (MJ) and Binder Jetting (BJ) [17]. Thanks to its versatility
in developing structures in a few steps and using small amounts of ac-
tives and excipients, 3D printing offers some advantages over other
standard approaches. This technology makes solid dosage forms easily
accessible and readily available for clinical trials and personalized
medicine, taking advantage of dose, shape and size customization [18].
In BJ technology, a liquid binder is jetted onto a powder bed to induce
powder agglomeration; it has some advantages over other 3D printing
techniques. BJ technology makes use of raw materials already approved
by regulatory agencies to prepare solid dosage forms and reduces ma-
terial waste through feedstock recycling [19,20]. This technique is
appropriate for thermolabile substances since the printing takes place at
room temperature and the objects can be dried at low temperatures. It is
possible to choose whether to incorporate the active pharmaceutical
ingredient into the solid mixture or to dissolve or suspend it in the
binding liquid [21]. Moreover, it is possible to obtain highly porous
printed tablets, which makes them suitable for the preparation of dosage
forms that disaggregate quickly. This technology shows some limita-
tions: it is difficult to obtain dosage forms with appropriate mechanical
properties suitable to withstand the stress to which they are subjected
during packaging and handling; furthermore, the technology has low
productivity and no widespread know-how. For these reasons, it does
not represent a very appealing approach for the pharmaceutical industry
at present. However, Aprecia Pharmaceuticals developed a fast-
disaggregating tablet containing 1000 mg of levetiracetam, which was
approved for commercialization by the FDA in 2015, under the trade-
mark Spritam®. As far as we know, thus far, this pharmaceutical product
is the only one approved for commercialization, manufactured with this
technology [22].

The BJ printer machine comprises a binder solution reservoir con-
nected to a print head, and two powder platforms: the feed platform, a
powder reservoir, and the print platform, which is used to build the
object [23] (Fig. 1). A roller spreads a thin layer of powder from the feed
platform to the print platform. In particular, the preparation method
works by adding the powder material layer by layer to create the object.
Between one layer and another, the binder solution is jetted from the
printhead, which moves in the direction of the X-axis and Y-axis ac-
cording to the product design data in the .stl file. The movement of the
print platform along the Z-axis determines the layer thickness during
printing. The powder layer’s thickness will be set based on the desired
resolution and strength of the printed object. The particle size of the
powders should be smaller than the thickness of the layer to obtain
objects with homogeneous density. However, it is necessary to take into
consideration the problems deriving from the particle size of the pow-
ders during printing: coarse powders flow more easily but produce
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Fig. 2. One pulse waveform diagram.

rougher surfaces and objects with less strength. Fine powders do not
flow freely; thus, they can produce an inconsistent deposition of the
powder in the printing platform, hence, a non-uniform layer density.

BJ technology can be used with two different types of printhead:
continuous inkjet (ClJ) or drop-on-demand (DOD). CIJ produces a
continuous stream of droplets and the unused liquid is recycled.
Differently, the DOD inkjet printer produces individual drops only when
required. The drops are generated by a pressure pulse in a chamber
placed behind the nozzle. This pressure can be induced by a thermal
signal or by the most used piezoelectric transducer [24]. The piezo-
electric signal is represented by a graphic of voltage (V) as a function of
time (us), namely waveform (Fig. 2). Upon emission of an electrical
signal associated with the printhead output, the voltage rises and the
piezoelectric element contracts, the time that the element remains
contracted is the dwell time, which together with the rise time repre-
sents the pulse width (amplitude); during this time, a positive pressure is
created which forces the ink out of the nozzle. The number of times this
process repeats per second is the frequency (Hz). The range of frequency
values depends on the type of printhead and is usually suggested by the
manufacturer. The applied voltage controls the extent of nozzle mem-
brane movement. At higher voltage, more solution is jetted from the
nozzles. The waveform represents the signal that allows the binder so-
lution to be jetted onto the powder through the nozzles and strongly
influences the jetting process and the quality of droplets. To optimize the
process, the waveform parameters such as pulse width (amplitude),
pulse voltage and frequency can be adjusted depending on the liquid
binder used [25].

The physicochemical properties of binder solution, such as surface
tension, viscosity and density should be included in specific ranges for a
correct “jettability” of the liquid from the printhead to generate repro-
ducible single drops (in terms of size) that can reach the powder bed
when required. The jet breakup behaviour of the fluids depends on the
aforementioned properties and is evaluated by a dimensionless param-
eter namely Ohnesorge number (Oh) [25] which is calculated with
equation (1):

u
vVpPRo

Where 1, p and ¢ are the binder solution viscosity, density and sur-
face tension, respectively, and R is the radius of the nozzle. The Ohne-
sorge number is often used to predict the printability of the droplets
produced by the printhead. For binder solutions with an Oh > 1 the
dissipative viscous forces avoid droplet formation, whereas, for Oh <
0.1, satellite drops that follow the main drop are formed. The impact of
these drops on the solid surface can influence the resolution of the
printed object.

Furthermore, the binder solution should be able to penetrate the
powder bed, fill out the interstitial spaces and wet it. The degree of
wettability of a solid can be measured by the contact angle, which is

Oh = @
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defined as the angle formed by the intersection of the liquid-solid-
vapour interface. A less than 90° contact angle indicates that the solid
surface is wettable. A contact angle greater than 90° means an unfav-
ourable wettability [24].

As for the conventional technologies used for the preparation of solid
dosage forms, also for BJ, the powders must have functionalities such as
high bulk density, good flowability, good agglomeration properties and
the ability to confer fast disintegration of the dosage form among others.
No excipient possesses all these characteristics. Co-processed materials
are blends of excipients that have undergone modifications in their
physical structures without undergoing chemical changes. The co-
processed excipients used for manufacturing tablets by direct compres-
sion are characterized by high bulk density, good flowability and
compressibility [26]. Co-processing is aimed at providing a new mate-
rial with better functionalities compared to the physical blends of the
components. In particular, co-processed excipients proposed for ODTs
must be able to confer fast disintegration, good taste and pleasant
mouthfeel [27].

This work aims to evaluate the feasibility of using co-processed ex-
cipients, commonly used for ODT manufacturing by direct compression,
for the preparation of ODTs by binder jet 3D-printing technology. The
impact of powder formulation and process parameters, such as layer
thickness, type of waveform and extension speed on the overall quality
of the prototypes printed was assessed in terms of their physical and
mechanical properties (dimensions, weight, hardness, friability, disin-
tegration time and shape).

2. Materials and methods
2.1. Materials

Powder blends were prepared with: GalenIQ™ 721 (GAL) (BENEO, D)
or Ludiflash® (LUD) (Basf, D) or Pharmaburst® 500 (PHA) (SPI Pharma,
USA), as ODTs co-processed excipients. Kollidon® VA64 (KVA64)
(BASF, D) was used as a polymer binder, then Aerosil® 200 (AER)
(Evonik, D) (glidant) and mannitol (MAN) (Carlo Erba Reagents, I)
(diluent) were also used.

GalenIQ™ 721 is a granulate of isomalt derived from beet sugar.
Ludiflash® consists of four excipients: D-mannitol, crospovidone, poly-
vinyl acetate and povidone. Pharmaburst® 500 comprises mannitol,
sorbitol, silicon dioxide and crospovidone. All co-processed are well
known and are specific for the preparation of ODTs by direct compres-
sion [28].

For the liquid binder: povidone (Kollidon® 30) (K30) (binder poly-
mer), sodium lauryl sulfate (Kolliphor® SLS Fine) (SLS) (BASF, D)
(surfactant), ethanol (ETH), glycerine (GLY) (humectant), propylene
glycol (PPG) (Carlo Erba Reagents, I) (humectant) and deionized water
(DEW) (Millipore, USA) were used.

2.2. Methods

2.2.1. Solid raw material characterization

Co-processed excipients (GAL, LUD and PHA), K30, KVA64 and MAN
were preliminary evaluated for particle size distribution (Mastersizer
3000, equipped with a powder cell AERO S, software v3.81, Malvern
Instruments Ltd, UK). D1, Dsg and Dgg were calculated. Dy is the x-
percentile of particle size distribution where x is the portion of particle
with diameters smaller than Dy where x is: 10%, 50% or 90%. The bulk
density was measured on about 100 g sample poured in a 250 mL glass
cylinder, Carr’s index was also determined (PT-TD300 Tapped density
tester, Pharma Test, D).

2.2.2. Binder solution (ink) preparation and characterization

A known amount of the binding polymer (K30) was added to water
(DEW) and mixed until the polymer was completely solubilized. Then
SLS and GLY (or PPG) were added and lastly the ethanol. The dispersion
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Table 1

Quali-quantitative composition (% w/w) of binder solution.
Ink Formulation (% w/w) K30 GLY or PPG SLS ETH DEW

10 7 0.5 10 72.5

Table 2

Batches composition (% w/w) of solid blends.
Powder blend formulation GAL LUD PHA KVA64 MAN
GAL + 10% KVA64 + 40%MAN (GALb) 50 - - 10 40
LUD + 10% KVA64 + 40%MAN (LUDb) - 50 - 10 40
PHA + 10% KVA64 + 40%MAN (PHAb) - - 50 10 40

*0.2% of AER was added to improve the powder flowability.

was filtered through a 5 um membrane and degassed. Table 1 shows the
quali-quantitative composition (% w/w) of the binder solution.

— Surface tension measurement

Capillary surface tension apparatus (Cole Parmer tensiometer, Cole
Parmer, UK) was used to determine the binder solution’s surface tension
(mN/m) at 20 °C.

— Viscosity measurement

Viscosity at 20 °C (in mPa.s) was determined with a rotational
viscometer (IKA Rotavisc, with an ELVAS-1 adapter, D) at rotational
speeds from 30 to 60 rpm.

— Density measurement

A calibrated pycnometer of 25 mL (DIN Witeg, D) was used to
determine the density of liquid binder samples. The mass of the tested
sample was determined with an analytical balance (Radwag, mod.
AS220.R2 Plus, D). Density at 20 °C was calculated as mass to volume
(g/cmg) ratio.

— Solid blend preparation and characterization

250 g of powder blend for each batch was prepared in a Turbula®
mixer (Willy A. Bachofen, Muttenz, CH) setting at 200 rpm for 10 min.
Table 2 lists the composition of the blends.

The bulk density (about 100 g sample in a 250 mL glass cylinder) and
Carr’s index were determined (PT-TD300 Tapped density tester, Pharma
test, D).

2.2.3. Prototype preparation

The prototypes with a diameter of 5.0 mm and a height of 3.0 mm
were designed by CAD software (AutoCAD 2021, Autodesk, USA) and
loaded on the 3D binder jet printer (Armadillo White, Concr3de, NL)
through the NOAH software, version 1.0 (Concr3de, NL). This software
slices the 3D model in .stl format in layers according to an adjustable
layer height. Each layer is a raster image saved in a specific folder, after
generating the images each file is sent to the 3D printer. Each batch
consisted of 100 units. The binder jet printer is equipped with a

Table 3
Variables setting of the different waveforms.
Waveform Width (ps) Pulse (volts) Freq (kHz)
Wf1l 10 90 16.01
Wf2 13 120 18.69
Wf3 10 120 11.11 x 2*

*2 pulse waveform.
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Table 4
Arbitrary numerical scale to describe the shape of the tablets.

European Journal of Pharmaceutics and Biopharmaceutics 194 (2024) 85-94

Number Cylinder form description Schematic representation
0 Regular form |:|

1 Slightly warped D

2 Very warped D

3 Very deformed g

CD Completely deformed

reduction insert intended for the manufacturing of small batches and
integrated with a piezoelectric printhead (Fujifilm Dimatix Starfire
SG1024/LA, J) with 1024 nozzles of 20 pm diameter. Three different
waveforms were used in this work (Table 3). The drop weight for each
waveform was calculated using Equation (2). Total weight is the mass of
the binder jetted in a petri dish. Nozzle spitting times (1500) are the
times that one nozzle jets the liquid binder.

total weight

1500 x 1024 2

drop weight =

After printing, the prototypes were carefully removed from the
powder bed, de-dusted and dried at 35 °C for 15 h (Memert, Mod. UF 55,
D).

The process parameters studied were: a) layer thickness (0.1 mm or
0.2 mm), b) waveform type (Wfl, Wf2 and Wf3) and c) spread speed
(10% or 40%). This is the speed at which the roller expands the powder
on the printing surface.

To evaluate the influence of different process parameters on the
physical and mechanical properties of the final product, different
batches of prototypes were printed and then characterized by process
yield, weight, physical aspect, disintegration time, crushing strength
and friability.

— Process yield

The process yield was calculated as the ratio between the number of
undamaged prototypes obtained after de-dusted and their theoretical
quantity (100) on the CAD file 3D model.

— Tablet weight

The weight of the tablets was determined on 20 samples for each
batch using an analytical balance (Radwag, mod. AS220.R2 Plus, D).
The mean and standard deviation were calculated.

— Physical aspect

An arbitrary numerical scale, from 0 to 3, was settled to assign the
tablets’ aspect (shape) with respect to the expected cylinder as shown in
Table 4. Prototypes were photographed with a digital camera (Motorola,
Edge 3, USA). The deformation of the tablets mainly concerns the
inclination of the rectangle which constitutes its lateral projection and
not the smoothing of the edges and vertices which mainly occurs with
the manipulation of the prototypes.

2.2.4. Prototypes dimensions

The diameter and height of six prototypes for each batch were
measured with a digital caliper (RM-SDM, Risemart, CN). Mean and
standard deviation were calculated.

— Disintegration time
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Table 5
Raw materials characterization.
Raw material Dio Dso (pm) Dgg (pm) Bulk density Carr’s
(pm) (g/em®) index (%)
GalenIQ™ 721 37.4 113.0 + 287.0 + 0.456 + 8.33 £
+0.1 2.7 12.4 0.009 0.35
Ludiflash® 29.4 89.9 + 483.0 + 0.556 + 9.30 +
+ 0.2 0.9 72.0 0.004 0.26
Pharmaburst® 37.1 115.0 + 254.0 + 0.500 + 8.00 +
500 + 3.9 10.5 19.5 0.002 0.17
Kollidon® VA64 321 859 + 179.0 + 0.372 + 14.11 +
+ 0.2 0.9 2.8 0.003 0.64
Mannitol 12.8 66.7 + 183.0 + 0.566 + 15.40 +
+0.1 0.4 0.8 0.008 1.09

The test was performed in 800 mL of deionized water kept at 37.0 °C
+ 0.5 °C, using a disintegration apparatus according to Ph. Eur. (2.9.1.
Disintegration of tablets and capsules, Ph. Eur. 11.2 edition) (Pharma
Test, mod. DIST-3, D).

— Crushing strength

The force required to break diametrically the tablets was determined
using a dynamometer (Texture Analyzer, mod. TA.XTplusC, Stable
Microsystems, UK) with a 5 mm diameter cylinder probe. Measurements
were conducted in six replicates, for each batch, mean and SD values
were calculated.

— Friability

To evaluate this characteristic, we set up a method to discriminate
and evaluate the effects of the process parameters studied on the fria-
bility of the prototypes printed. The method used a vibrating sieve (mod.
AS200 basic, Retsch, D) equipped with a 1.4 mm mesh sieve, at a fixed
amplitude movement (60) for one minute. The friability was determined
on six samples for each batch and was expressed in terms of the per-
centage of weight loss. This setup was used because the prototypes were
very fragile and would not resist the mechanical stress produced for the
apparatus described by Ph. Eur. (2.9.7. Friability of uncoated tablets, Ph.
Eur. 11.2 edition).

3. Results
3.1. Solid raw material characterization

Based on the conclusion from previous works, which demonstrated
that the properties of the powders strongly influence the quality of the
printed product [29,30], we first performed a physical characterization
of the raw materials in terms of particle size distribution and bulk
density (Table 5). The Carr’s Index was calculated to evaluate powder
flowability.

Although all raw materials had a D5 around 100 pm (the thickness of
the thinnest prototype layer applied in this work), preliminary printing
tests were carried out to evaluate the potential use of the materials
without eliminating the larger particles. The tests gave encouraging
results; particularly, co-processed excipients spread uniformly and
although the prototypes prepared with them were weak and with rough
surfaces, they still exhibited relatively narrow weight variations (RSD <
5.0%) (data not shown). Therefore, it was decided to perform the next
steps with the raw materials.

The co-processed excipients showed Carr’s Index between 8% and
9%, confirming that they exhibited excellent flowability. Also, binder
polymer (KVA64) and mannitol had good flowability, they showed
Carr’s Indexes lower than 16%.
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Table 6
Characterization of binder solution.

Parameter Experimental value
Surface tension 34.34 mN/m
Viscosity 13.56 mPa.s
Density 1.023 g/cm®

Table 7
Powder blend characterization.

Formulation Bulk density (g/cm®) Carr’s index (%)
GALb* 0.510 £ 0.006 16.9 £ 1.0
LUDb 0.535 + 0.003 174+ 1.4
PHAb 0.630 =+ 0.007 11.7 £ 1.4

*0.2% of AER was added to improve the powder flowability.
3.2. Binder solution characterization

A preliminary study was performed (data not shown) to obtain a
binder solution suitable to be used with the type of the selected print
head. K30 was chosen, as a binding agent, for its well-known properties
when used in solution to aid the aggregation of powder particles.
Different polymer concentrations (between 5% and 15% w/w) were
evaluated. The choice fell on the 10% w/w solution because its viscosity
values were within those required by the print head. GLY and PPG were
evaluated as possible humectant agents. The final choice fell on GLY
which allows to obtain less fragile prototypes than those prepared with
the binding solution containing PPG. Lastly, SLS was added to the binder
solution selected (10% of K30 and GLY as humectant) to improve the
wettability of powders. The binder solution was characterized in terms
of viscosity, surface tension and density to verify if it was suitable for the
printing process. To obtain good jetting performance, liquid binders
must have physical characteristics within certain values that depend on
the type of printhead used. Appropriate surface tension is necessary to
produce well-formed drops, avoid the satellite drops and prevent the
fluid from stagnating in the nozzle plate. Viscosity is a critical parameter
that influences jetting performance, and thus, the quality of the final
object. The obtained values of surface tension, viscosity and density
(Table 6) were used to calculate the Ohnesorge number (Oh = 0.724)
which was within the suggested limits found in the literature for print-
heads similar to the one used in this work [25,31,32].

3.3. Solid blend characterization

The bulk density and the flowability (Carr’s Index) were measured to
evaluate the suitability of the powder blend to be processed by the BJ-3D
printer as well as any potential influence on the characteristics of
manufactured prototypes. The results are shown in Table 7.

Table 8

European Journal of Pharmaceutics and Biopharmaceutics 194 (2024) 85-94

The bulk density values of the blends were very similar to each other;
furthermore, they were sufficiently high to give the possibility of
designing a dosage form of dimensions that were not excessively large.
Although the powder mixtures showed higher Carr’s index values
compared to the relevant co-processed excipient, the flowability of all
the blends was enough to be used to print the prototypes as we noticed in
previous experiments (values within 18%) (Table 7).

3.4. Preparation of the printed tablets

3.4.1. Preliminary printing tests

Preliminary studies were performed to evaluate the behaviour of co-
processed excipients alone. The process parameters were set as follows.
Waveform Wf1 was set as suggested by the 3D printer supplier. On the
other hand, the layer thickness was fixed at 0.2 mm because the raw
materials showed Dsg of around 90-115 pm, it seemed to be a good
compromise between the particle size of the powder and the layer
thickness, which should be high enough to arrange the powder particles
but not too high because prototypes with unacceptable mechanical
properties would be obtained. As spread speed of the roller was chosen
at 40% because it was an intermediate speed between those allowed by
the Armadillo 3D printer. The tablets prepared with GAL (100%), LUD
(100%) or PHA (100%) were very fragile and showed process yields of
about 70%. This indicated that approximately 30% of the tablets were
disrupted when removed from the powder bed or when de-dusted.
Adding 10% KVA64 as a solid binder to the co-processed excipients
increased the yield process (>85%), but did not improve their physico-
mechanical characteristics. Indeed, the prototypes were still fragile and
easily fragmented when handled (data not shown).

Based on the preliminary results, it was decided to modify the solid
formulation by adding 40% w/w mannitol to the blends that contained
10% w/w of binder polymer KVA64. Mannitol is an excipient commonly
used for ODT formulations because it exhibits good organoleptic prop-
erties and hydrophilic character; furthermore, the mannitol used for this
study had a Dsg lower than those of the co-processed excipients and
could decrease the Dsq of the overall blend (see Table 5). We hypothe-
sized that powder blends with lower Dsy and greater specific surface
area than co-processed alone could increase the interaction with the
binder solution and therefore improve the mechanical properties of the
prototypes. Since the mannitol addition improved as expected tablet
properties, it was decided to use these blends and modify the process
parameters (layer thickness, waveform type and spread speed) to eval-
uate their influence on the final properties of the printed prototypes.

Layer thickness and the type of waveform determine the total jetted
ink required to prepare a batch. Each layer of powder corresponds to a
passage of the printhead, which jets a predetermined amount of binder
solution; therefore, a greater number of layers means a greater quantity
of jetted solution for a printed product. The waveform represents the
signal that allows the binder solution to be jetted onto the powder

Comparison of physical characterization of prototypes prepared with 0.2 or 0.1 mm layers containing 50% co-processed excipient, 10% KVA64 as solid binder agent

and 40% of mannitol as diluent (mean + standard deviation).

Formulation 0.2 mm 0.1 mm
Yield Weight Physical Dimension (mm) DT** Yield Weight (mg) Physical Dimension (mm) DT**
% t % + sd t
0 (mg) aspec Diameter Height © 6 (mean & s) aspec Diameter Height ©
(mean =+
sd) (mean + (mean + (mean + (mean +
SD) SD) SD) SD)
GALb* 87 299 + 1 49+ 0.1 3.0+0.1 <1 99 340+15 1 5.1+0.1 3.0+0.1 <1
0.9
LUDb 85 27.4 + 1 4.8 +0.1 2.7 +0.1 <1 91 353+ 2.4 1 52+0.1 3.0+0.1 <1
1.0
PHAb 87 25.8 + 1 4.7 £ 0.1 2.6 £ 0.1 <1 92 30.5+ 3.1 1 4.8 +0.1 2.6 £ 0.1 <1
1.0

*0.2% of AER was added to improve the powder flowability.
**Disintegration time.
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taining PHAb.

through the nozzles. Variations in the parameters related to the wave-
form lead to changes in the drop weight and consequently in the total
amount of ink jetted to print the prototypes. Also, the influence of
powder spread speed in the print platform was evaluated.

3.4.2. Influence of printer parameters on the prototype’s characteristics
— Layer thickness

The layer thickness can be set up and corresponds with the slice
height in which the model is designed. Decreasing layer thickness in-
creases the number of slices needed to prepare the printed object. The
prototypes were printed with solid blends containing 50% co-processed
excipient, 10% KVA64, and 40% mannitol. The operating parameters
were fixed at waveform WF1 and 40% spread speed. Two different layer
heights (0.2 and 0.1 mm) were evaluated. The yield of the process,
weight average and physical aspect of the batches are shown in Table 8.

The three batches manufactured with a 0.2 mm thickness layer
showed a yield process equal to 85-87%. On the other hand, when the
prototypes were prepared using a layer thickness of 0.1 mm, there was a
notable enhancement in the process yield, obtaining values higher than
90% (Table 8). The average weight also increased because of the greater
binder solution used to prepare the prototypes with 0.1 mm layers (p <
0.05). For all formulations, the prototype’s morphology was slightly
deviated from the expected cylindrical shape, as confirmed by the
physical aspect score (see Table 4 in the Methods section). Furthermore,
prototypes prepared with 0.2 mm layers showed very irregular surfaces
ascribable to a material loss, probably due to insufficient binding solu-
tion. The disintegration time was very low, less than 1 s for all formu-
lations regardless of the layer thickness used for their preparation.

The dimensions of the prototypes of the three batches printed with a
0.2 mm layer were similar to what was expected (5x3 mm). However,
the dimensions of the prototypes prepared with LUDb and PHAD are
slightly smaller. Only the difference between the dimensions of pro-
totypes prepared with PHAb and the expected ones is significant (p <
0.05), probably because of the low mechanical properties of the tablets
(Fig. 3a, 3b and 3c) which tend to lose material when they are manip-
ulated during characterization. Prototypes prepared with 0.1 mm layers
showed a notable improvement in terms of mechanical properties in
comparison with the batches prepared with 0.2 mm; an increase in
crushing strength (Fig. 3) was found for all formulations (p < 0.05). The
increase in crushing strength for the prototypes containing GALb and

Table 9
Weight drop, amount of binder solution and solid material from binder solution
calculated for a printed tablet slice 0.1 mm.

Waveform  Weight drop Binder solution Solid from binder solution
(ng) (mg) (mg)

Wfl 65.1 9.5 1.7

Wf2 71.6 10.5 1.8

Wf3 143.4 20.9 3.7
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LUDDb was 10 and 8 times respectively. This result was expected since the
amount of inkjet binder was doubled when the layer thickness was
decreased from 0.2 mm to 0.1 mm. Although the formulations con-
taining GALb and LUDDb were still weak (crushing strength less than 6
N), the results of the friability test showed an important improvement
(<1%). The prototypes obtained with PHA were weaker than the others.
These results are surprising because the considered physico-
technological characteristics are not very different among the three
ODT excipients. Furthermore, we were not able to find other useful in-
formation, probably because these excipients are used for the prepara-
tion of tablets by direct compression, which does not involve
intermediate wet granulation. In the formulation containing PHAbD the
increment of the hardness was very low but significant (p < 0.05), thus
the prototypes resulted very weak in both layer heights evaluated. It
could be hypothesized that the poor mechanical properties of PHAb
depend on the absence of a substance with binding properties in the co-
processed PHA, although the latter is capable of producing ODT with
good mechanical properties by direct compression, to obtain formula-
tions equally performing by 3D printing it may be necessary to change
and/or increase the concentration of the binding agent. The PHAb
prototypes prepared with 0.1 mm layer height showed a friability value
of about 4%, much lower in comparison with that obtained for the
prototypes prepared with 0.2 mm layers (13.6%). The improvement of
the mechanical properties of the prototypes leads to a greater yield
process and dimensions of tablets closer to those expected.

The particle size of the powders should be smaller than the thickness
of the layer to obtain printed objects with homogeneous structures.
However, it is also necessary to take into consideration the problems
deriving from powder particle size during printing: coarse powders flow
more easily but produce rougher surfaces and objects with less strength.
Fine powders should not flow freely, producing an inconsistent depo-
sition of the powder in the printing platform, and hence, a non-uniform
layer density. Another problem that could arise connected to the particle
size could be segregation; also, in this case, non-homogeneous structures
could be produced even between printed tablets of the same batch.

Although the Dsg of some raw materials used in this work was above
the layer thickness, it was possible to prepare prototypes with suitable
mechanical properties. These findings are consistent with some results
found in the literature [29,33]. The authors of those studies hypothe-
sized that, especially in the case of hydrophilic and very water-soluble
material, as the main material of co-processed excipients and mannitol
used in this experimental work, the particles could undergo plastic
deformation or partial dissolution when they come into contact with the
binder solution, facilitating the homogeneous deposition of the subse-
quent layers until the final shape of the dosage form is achieved.

— Waveform type
To improve the mechanical performances of the prototypes, in

addition to the Wfl (waveform default), two different waveforms able to
produce larger drops were tested maintaining the layer thickness of 0.1
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Table 10
Comparison of physical properties of GALb prototypes prepared with different
waveforms.
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Table 11
Comparison of physical properties of LUDb prototypes prepared with different
waveforms.

Waveform Yield Weight Physical Dimensions (mm) DT* Waveform Yield Weight Physical Dimensions (mm) DT*
0 0,
typ.e (n.lg of (%) (mg) aspect Diameter Height (s) typ_e (H'lg of (%) (mg) aspect Diameter Height O]
solid binder) (mean solid binder) (mean
+5D) (mean + (mean +5D) (mean + (mean
SD) + SD) SD) + SD)
Wf1 (1.66) 99 34.0 £ 1 5.1+ 01 3.0+ <1 Wf1 (1.66) 91 353+ 1 5.2+0.1 3.0+ <1
1.5 0.1 2.4 0.1
Wf2 (1.84) 95 46.9 + 0 4.8 £0.1 3.4+ 78 Wf2 (1.84) 95 39.5 + 1 53+0.1 3.0+ 3
4.6 0.2 1.7 0.2
Wf3 (3.67) 51 50.5 + CD - - 86 W(3 (3.67) 100 44.3 + 2 5.4+0.2 3.0+ <1
5.9 2.7 0.3
*Disintegration time. *Disintegration time.
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Fig. 4. Influence of waveform type on the mechanical properties of
GALD prototypes.

mm and the spread speed of 40%. The weight drop was calculated from
Eq. (2). Also, the relevant amount of binder solution and solid material
from binder solution (17.5% w/w of solid) used for the preparation of
one tablet were calculated for the different waveforms. The results are
shown in Table 9.

Table 10 shows the results of the physical characteristics of pro-
totypes prepared with GALb with different amounts of binder solution.
The processes were performed by setting the thickness layer and the
spread speed at 0.1 mm and 40%, respectively. Tablets prepared with
Wf1 and Wf2 resulted in process yields above 90%, whereas Wf3 pro-
vided 51% yield. As expected, a greater amount of binder used to pre-
pare the prototypes increased the average weight. However, a further
increase in the binder used (Wf3) for the preparation of the prototypes
produced an evident deformation of the tablet’s shape. Around 49% of
the prototypes printed were very deformed. In addition, they were dis-
rupted when removed from the powder bed, which explains the low
efficiency of the printing process.

As expected, an improvement in the crushing strength of prototypes
containing GALb was reached when the waveform type was changed
from the default form (Wf1) to waveforms that jetted greater amounts of
binder solutions (Wf2 and Wf3) resulting in significant differences (p <
0.05). Nevertheless, increasing the amount of jetted binder solution
leads to slightly higher friability values, which, in any case, were less
than or very close to 1% (Fig. 4). At the moment we have not found an
explanation for this behavior. Although this trend is quite fair, it could
be studied more in-depth in the following steps of the research project.
GALDb formulations prepared with Wf2 and Wf3 had good mechanical
strength (hardness higher than 25 N), and disintegration times that
exceeded 60 s. However, these values were always within the limits
required by the European Pharmacopoeia (180 s) (2.9.1. Disintegration
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waveform type

Fig. 5. Influence of waveform type on the mechanical properties of
LUDD prototypes.

of tablets and capsules, Ph. Eur. 11.2 edition) (Table 10). The score
shapes of the prototypes prepared with Wfl and Wf2 were 1 and
0 respectively. Prototypes prepared with Wf3 had a completely
deformed shape probably due to an excess of liquid binder permeating
the powder layer, which was not able to absorb all the jetted solution
before a new layer was spread.

Increasing the amount of jetted binder solution, the prototypes
resulted more deformed. This trend occurs for all three formulations, but
it is more evident for GALb. We hypothesized that this behaviour could
be ascribed to the greater quantity of water which could increase the
mobility of the particles due to the lubricating action of water. Other-
wise, when the amount of binder solution jetted is low, and thus the
amount of water, the mechanical properties of printed prototypes are
fairer. The differences between the dimensions of the prototypes pre-
pared with Wfl and Wf2 were significant (p < 0.05). The dimensions of
the prototypes prepared with Wf3 were not measured because of the
irregular form of the tablets printed.

As with GALDb prototypes, an improvement in process yield and an
increase in average weight were found in LUDDb prototypes printed with
0.1 mm of layer thickness and 40% spread speed. Also, the shape
deformation increased when the amount of binder solution was
increased. Instead, the disintegration time is very low (less than 3 s) in
all formulations (Table 11). There were no differences (p < 0.05) be-
tween the dimensions of the tablets prepared with LUDb using different
amounts of binder solutions. LUDDb prototypes printed with Wfl and Wf2
exhibited similar crushing strengths and friability (p > 0.05) (Fig. 5).
This could indicate that the amount of binder jetted using Wf2 was not
sufficient to improve the mechanical resistance of the prototypes.
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Table 12
Comparison of physical properties of PHAb prototypes prepared with different
waveforms.

Waveform Yield Weight Physical Dimension DT*
0,
type . 0 (mg) aspect Diameter Height ®
(mg of solid (mean (mean + (mean
bi + SD
inder) SD) sD) +SD)
Wf1 (1.66) 92 30.5 + 1 4.8 +0.1 3.0+ <1
3.1 0.1
Wf2 (1.84) 91 36.7 + 3 4.8 £0.0 3.0+ <1
3.8 0.1
Wf3 (3.67) 100 54.4 + 3 4.8 £0.1 3.2+ <1
7.4 0.1
*Disintegration time.
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Fig. 6. Influence of waveform type on the mechanical properties of
PHAD prototypes.

However, a further increase in the solution (Wf3) produced an
improvement in the quality of the prototypes: the friability was near 1%
and the crushing strength was very variable with a mean of about 10 N.

For PHAD prototypes, printed with 0.1 mm of layer thickness and
40% spread speed, an increase in weight was observed when a greater
amount of binder solution was used (Table 12). There were no signifi-
cant differences (p < 0.05) between the dimensions of the tablets pre-
pared with PHAb when the amount of binder solutions was increased.
The change in the waveform results in significant improvements in the

European Journal of Pharmaceutics and Biopharmaceutics 194 (2024) 85-94

breaking strength of the prototypes (p < 0.05). However, the increase in
binder solution was not enough to obtain prototypes with good me-
chanical properties. All PHAb formulations had crushing strength below
10 N and friability above 3% (Fig. 6).

— Spread speed

The spread speed is the speed of the roller which spreads the layer of
powder in the printing. In NOAH, the software of Armadillo 3D print, it
is expressed as a percentage of the maximum achievable speed, which is
100%.

Fig. 7 shows the prototypes of two different batches prepared with
GALD solid blend. The process parameters were fixed to 0.1 mm layer
thickness and waveform Wf3. The prototypes on the left photo (7A) were
printed with a spread speed of 40%, and corresponds to the formulation
discussed above, while the ones on the right photo (7B) were printed
with a speed of 10%, their shapes corresponded to number CD and 3 in
the arbitrary scale (Table 4) respectively. The decrease in spread speed
improved the shape of the prototype but not enough to be considered an
“acceptable” shape.

Figs. 8 and 9 illustrate the photos of printed prototypes by using Wf2
and layer thickness of 0.2 mm, from LUDb and PHAb powder blends,
respectively. In both cases, a reduction in the spread speed produced an
improvement in the shape of the prototype, in fact, for the prototypes
with LUDb, prepared with a speed of 10 %, the shape improved from
number 2 to number O and for those prepared with PHAD, the
improvement was from 3 to 0.

The shape deformation underwent for the prototypes prepared with
the higher roller speed (Figs. 7B, 8B and 9B) may be because the binder
solution was not completely absorbed when the successive layer was
spread, so the roller dragged the underlying powder layer. Conse-
quently, a decrease in the spread speed allowed the binder solution to be
absorbed by the underlying powder before a second powder layer was
deposited thus preventing the deformation of the printed prototype.

4. Conclusion

BJ-3D printing technology is an appropriate approach for the prep-
aration of ODTs because it usually leads to the build-up of highly porous
objects. Furthermore, it has the advantage of using well-known excipi-
ents for the preparation of solid dosage forms used in traditional
manufacturing methods. To our knowledge, this study provides the first
demonstration that co-processed excipients could be exploited to pre-
pare orodispersible dosage forms by BJ-3D printing technology.
Notably, the materials tested in this experimental work proved to be
suitable to the aim proposed when mixed with excipients that improve
the powder particle binding. The results confirmed the successful
application of the materials, which have proved to be performing. For all

Fig. 7. Influence of spread speed on the shape of the prototype GALb. A = 40%, B = 10%.
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Fig. 8. Influence of spread speed on the shape of the prototype LUDb. A = 40%, B = 10%.

Fig. 9. Influence of spread speed on the shape of the prototype PHAb. A = 40%, B = 10%.

studied co-processed materials, it has been observed that by changing
the process parameters (i.e., layer thickness, waveform type, spread
speed), prototypes with very different physical and mechanical char-
acteristics were obtained. In particular, when the thickness of the layer
decreased, the mechanical properties of the prototypes were improved
probably because of the higher amount of binder solution added. The
amount of liquid binder strongly affects the quality of the prototypes; in
particular, when Wfl was applied the prototypes were fairer and when
WIf3 was set they were more deformed. Finally, the shape of the pro-
totypes was improved when the spread speed was lower. These results
highlight that a study of statistical optimization of the different process
parameters and material attributes is required to develop ODT prepa-
rations endowed with good, reproducible and predictable technological
properties (i.e., tablet morphology, friability, disintegration time,
crushing strength). Moreover, the effect of a drying system during the
printing process could be evaluated. The future development of this
research project should also evaluate medicated formulation. On the
horizon of the outcome of this work, a reappraisal of the unique po-
tential of BJ-3D printer technology can be envisaged for the develop-
ment of more feasible personalized pharmaceutics.
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