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Abstract

Advancements in pharmaceutical technologies have led to the personalization of therapies over the 

last decade. Three-dimensional printing (3DP) is an emerging technique in the manufacturing of 

pharmaceutical dosage forms because of its potential to create complex and customized dosage 

forms according to the patient’s needs. Among the various 3DP techniques based on different 

functioning mechanisms, fused deposition modeling (FDM) 3D printing is a versatile and widely 

used method with advantages such as precision of quantity and the ability to incorporate different 

fill densities. This method is also economical and easily produces complex designs. Hot-melt 

extrusion (HME) is an established technique in pharmaceutical manufacturing that is utilized in 

the development of filaments which are used as “ink roll” or feedstock material in FDM 3D 

printing. This review discusses the various stages involved in FDM 3D printing, including 

feedstock filament preparation using HME, digital dosage form designs, filament characterization, 

and various novel applications, and future perspectives.
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1. Introduction:

With the recent FDA-approved 3D printed drug product (Spritam®), research interest in 3D 

printing technology has been growing. 3D printing is believed to be the most effective way 

to attain patient-focused pharmaceutical product development. The application of 3D 

printing in the pharmaceutical field has been an emerging field of research because of its 

ability to customize therapy to meet the requirements of patients (Jamróz et al., 2018b). 

Owing to its flexibility and ease of adaptability, 3D printing technology is expanding from 

the early stage of development to the manufacture of end products with simplified design 

and production cycles (Zema et al., 2017). Because of its automated process and low 

operating cost, 3D printing is gaining popularity over traditional manufacturing processes in 

on-demand production (Norman et al., 2017)(Zhang et al., 2018).

3D printing is the process of creating objects three-dimensionally by depositing material in a 

layer-by-layer fashion from digital designs. The concept of 3D printing was first developed 

in the 1980s by Charles Hull for fabricating plastic devices from photopolymers (Pucci et 

al., 2017). It was later used in various other fields, including automotive, aerospace, robotics, 

and consumer goods industries for rapid prototyping purposes (Azad et al., 2020). After 

FDA approval of the first 3D printed pill, Spritam®, in 2015, the application of 3D printing 

has gained tremendous attention in the pharmaceutical field (Warsi et al., 2018). Although 

there are various 3D printing approaches such as stereolithography (SLA) and inkjet-powder 

bed, this review focuses mainly on fused deposition modeling (FDM) 3D printing.

The application of 3D printing techniques might facilitate the generation of precision 

medicine that aims to tailor therapeutic strategies to meet the unique physiological and 
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lifestyle needs of individual patients (Afsana et al., 2019). Most of the pharmaceutical tablet 

dosage forms manufactured by the existing large-scale manufacturing processes are 

produced with one-size-fits-all approaches in which the dosage is based on Phase 3 clinical 

studies. The disadvantage of this approach is that the administered dose might fall outside 

the optimum dose for individual patients based on the patient’s clinical requirements and 

may lead to toxicities, adverse events, or a lack of therapeutic activity (Goyanes et al., 

2015b)(Wang et al., 2016). This is usually addressed by tablet splitting or compounded 

medications. However, tablet splitting can break the integrity of any coating material, which 

might alter the drug release and lead to ineffective drug administration. Compounded 

medicines often fail in dose accuracy and may become ineffective when patients do not 

follow dosing instructions (Shah et al., 2010). Moreover, this will lead to a pill burden for 

patients. Orphan drugs for treating disease conditions affecting fewer than 200,000 people 

entail a small market in the pharmaceutical industry. As contemporarary manufacturing 

equipment are intended for large scale industrial manufacturing, 3D printing is highly 

adavntageous in development of suitable dosage forms. Recently Saydam et al., developed 

rufainamide tablets for Lennox-Gastaut Syndrome using FDM 3D printing, which is is a rare 

form of childhood epilepsy (Saydam and Takka., 2020). The 3D printing technique may 

offer solutions to all these problems because of its ability to selectively deposit and/or fuse 

(multiple) materials in a layer-wise manner, offering reproducibility in the creation of 

personalized pharmaceutical dosage forms by utilizing precise control of factors as well as 

active pharmaceutical ingredient (API) compartmentalization for combination of drugs 

(Curti et al., 2020).

The advantages of 3D printing over conventional tablet manufacturing methods include 

personalization, improved product complexity, and on-demand manufacturing (Norman et 

al., 2017). This technology offers tailoring of doses according to the patient’s body mass 

index, metabolism, genetic variations, and other comorbid conditions, and also enables the 

production of drug products with tailored release profiles and designs (Trenfield et al., 2019)

(Nukala et al., 2019b). It allows the combination of the patient’s daily medications into a 

single multi-drug dose or polypill. This personalization could improve treatment adherence, 

especially for pediatric and geriatric patients. Furthermore, 3D printing may be applied in 

the manufacture of implants such as tracheal splints, bone grafts, and multi-drug implants 

for chemotherapy (Trenfield et al., 2019); it provides a simple and uniform drug that can 

easily achieve a targeted release profile. Printing in different shapes attracts the pediatric 

population where treatment adherence is a major problem. Another major advantage of 3D 

printing is on-demand manufacturing, which could be useful in time- and resource-

constrained settings such as emergency rooms, military operations, and disaster areas, as 

drug products can be successfully printed according to requirements (Bandari et al., 2021). 

Personalization and the ability to create complex design dosage forms using the 3D printing 

technique may not only improve the treatment effectiveness but also minimize wastage of 

resources because of its unique on-demand manufacturing advantage (Zhang et al., 2018). A 

graphical representation of the 3D printing ease of use in personalized pharmacotherapy is 

shown in Fig. 1.
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Currently available 3D printing techniques mainly rely on three mechanisms: powder 

solidification, liquid solidification, and extrusion-based systems. A brief introduction to the 

types of 3D printing techniques and their functioning mechanisms is presented below.

2. Types of 3D printing

2.1. Stereolithography (SLA) 3D printing

SLA is the world’s first and one of the most popular 3D printing technologies (Melchels et 

al., 2010). This method utilizes liquid solidification via photopolymerization. In this method, 

a laser is focused on liquid resin, causing polymerization and solidification. This process is 

repeated in a layer-by-layer manner until a solid object is produced (Melchels et al., 2010)

(Lamichhane et al., 2019a). One of main drawbacks of this method is the limited availability 

of photo-crosslinkable polymers, as most of these polymers are not included on the 

generally recognized as safe (GRAS) lists. However, it offers advantages such as high 

resolution and fast 3D printing (Rahman et al., 2018).

2.2 Inkjet 3D printing

This method is also based on liquid solidification. Inkjet printers print free form structures 

that solidify drop by drop. In this method, the droplets of ink are sprayed from the nozzle, 

deposited in thin layers, and then cured by cool air or high-energy light (Rahman et al., 

2018). Commonly sprayed materials include molten polymers and waxes, 3D curable resins, 

solutions, and suspensions (Daly et al., 2015). This method offers a higher resolution than 

powder bed 3D printing. However, it is more challenging to implement because the product 

geometry depends on the droplet flight path, droplet impact, and surface wetting.

2.3 Binder deposition

This method is based on the powder solidification technique. In this method, a liquid binder 

is injected into the spreading layer of the powder material in a drop-on-demand manner to 

selective areas. The unbound powder particles act as a support material for overhanging and 

porous structures. After the formation of each layer, the formed object is lowered, and a 

layer of free powder is deposited by a powder jetting system (Goole and Amighi, 2016)

(Pardeike et al., 2011). In this method, API and polymer mixtures either dissolve or disperse 

in the ink or are distributed in the powder bed. After printing, drying or removal of residual 

solvents and/or unbound powder is carried out. The first FDA approved 3D printed drug 

product, Spritam®, was based on this technology (Jamróz et al., 2018b)(Norman et al., 

2017).

2.4. Powder bed fusion

This method is also based on the powder solidification technique. It involves sintering 

(partial surface-melting and congealing) or binding of high-melting-point particles with a 

low-melting-point binder using heat supplied by a laser (Gibson et al., 2010). (In this 

method, the layers are formed by melting and solidifying the polymeric powder bed using a 

laser beam. This method is faster but more complex than extrusion-based printing (Norman 

et al., 2017).
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2.5. FDM 3D printing

FDM 3D printing is a type of extrusion-based method where the material is extruded from 

the nozzle and spread in subsequent layers on the build plate. The material to be fed is in the 

form of filaments, which are produced by melt extrusion of API and polymer physical 

mixture (Goyanes et al., 2015a). There are other types of extrusion-based 3D printers that 

use liquid or semisolid formulations for printing various dosage forms. In FDM 3D printing, 

filaments fed into the 3D printer are softened, melted, extruded, and deposited layer by layer. 

Each layer bonds to the layers below and solidifies as it cools down. This process continues 

until the desired shape is achieved. As the material to be extruded is more viscous, it takes 

more time to print than most of the other types of 3D printing technologies. The filament 

qualities such as uniform dimension, elasticity, and stiffness play an important role in 

printing the dosage form (Bandari et al., 2021) (Lamichhane et al., 2019a). To obtain a 

printable filament, the selection of suitable polymers and optimization of the HME process 

parameters are necessary. There are certain disadvantages associated with this method, 

including the use of high temperatures during the extrusion and printing process, difficulty 

in producing printable filaments with desired mechanical and viscoelastic properties, and 

slow printing speed. However, despite these disadvantages, this method is being widely used 

owing to its low cost, use of non-volatile materials, and simplicity and versatility(Skowyra et 

al., 2015)(Norman et al., 2017). Although there are various 3D printing approaches such as 

SLA and inkjet-powder beds being currently investigated for producing 3D printed drug 

products, the present review focuses mainly on hot-melt extrusion coupled FDM 3D 

printing.

Hot-melt extrusion (HME) is a continuous manufacturing process that has been used in the 

plastic and pharmaceutical industries since the 1980s. Over the last two decades, the HME 

process has been used as a continuous manufacturing technology for the development of 

various pharmaceutical products such as pellets, granules, films, implants, and ophthalmic 

and topical delivery systems (Dumpa et al., 2018)(Maniruzzaman et al., 2012)(Sarabu et al., 

2019). The application of HME has been demonstrated in the development and manufacture 

of amorphous solid dispersions, cocrystals, taste masking, modified release dosage forms, 

floating dosage forms, abuse-deterrent formulations, and patient-centric 3D printed tablets 

(Butreddy et al., 2020)(Dumpa et al., 2020)(Simöes et al., 2019)(Tan et al., 2020).

HME provides several advantages for the development of pharmaceutical products, such as 

solvent-free processes without the need for further drying steps, continuous production with 

fewer processing steps, and highly dense properties of the extrudates and granules produced 

via HME, which provides an improvement in the compressibility index of APIs with poor 

flow properties. However, a major drawback of this technique is its limited application in the 

processing of thermolabile drugs (Jani and Patel, 2014)(Patil et al., 2016).

The HME process involves forcing a blend of API with one or more polymers through the 

die under specified process conditions such as temperature, screw speed, and feed rate to 

obtain the desired product with uniform size, shape, and density. The processing steps 

during HME involve blending the API, polymeric carrier, and other additives such as 

plasticizers, which are fed through the hopper followed by conveying, melting, mixing, 

pumping, and pressurization of the physical blend within the extruder (Dumpa et al., 2018)
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(Maniruzzaman et al., 2012). After the extrusion process, the obtained filaments or 

extrudates are subjected to further processing steps such as milling, pelletization (tableting), 

direct shaping (implants, devices), and 3D printing (Kallakunta et al., 2019). Coupling HME 

with FDM is a new emerging technology for the 3D printing of pharmaceutical products. 

Filaments, which are used for 3D printing, have been produced by the extrusion of APIs 

with thermoplastic polymers. The combination of HME and FDM can produce personalized 

drug products with a structured dosage. Additionally, this combined technology reduces 

downstream processing associated with conventional dosage forms (Repka et al., 2018). 

(Repka et al., 2018). A graphical representation of the coupling of HME with FDM for 

producing pharmaceutical drug products is illustrated in Fig. 2. The current review focuses 

on the application of HME-based FDM in 3D printing for the development of various 

dosage forms.

3. Process steps involved in FDM 3D printing of personalized drug 

products

The basic procedure involved in FDM 3D printing for the fabrication of personalized drug 

products from digital designs consists of five common steps: i) designing a 3D digital 

dosage form, ii) converting the designed 3D models into a printer-readable STL format file, 

iii) setting up process Parameters and slicing the STL file to a layer-by-layer design, iv) 

formulation and fabrication of feedstock material, and v) printing and evaluation of dosage 

forms.

The details involved in FDM 3D printing of pharmaceutical dosage forms are discussed in 

the following sections (Aho et al., 2019)(Lamichhane et al., 2019b)

3.1. Designing a 3D digital dosage form

The first step in 3D printing of a dosage form is designing the digital structure of the dosage 

form to meet the requirements of the medication. Dosage forms with different fill levels 

(porous or dense) or shapes (tablets, capsules, films, implants, donut shapes, etc.) can be 

designed using computer-aided design (CAD) software. This step of designing the digital 

dosage form is critical because the structure of the dosage form significantly affects 

pharmaceutical properties and patient compliance. Simple dosage form designs such as 

tablets, capsules, donuts, films, and patches can be designed using a Microsoft 3D builder® 

or Tinkercad® software, which are easy to operate. Designing complex structures such as 

multiple compartmental tablets or capsules, mouthguards, and implants require more 

advanced professional CAD software such as Autodesk®.

3.2. Converting the designed 3D models into a printer-readable STL format file

Currently available commercial 3D printers cannot directly read CAD software files. Hence, 

once the desired 3D model is created, it is converted into an FDM 3D printer-readable STL 

format file. Most of the commercially available FDM 3D printers work with STL format 

files.
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3.3 Setting up process parameters and slicing the STL file to a layer-by-layer design

The next step is importing STL files into software that controls the FDM 3D printer. This 

software slices the designed CAD files into layer-by-layer patterns and sends instructions to 

the 3D printer to print a dosage form. Various parameters such as geometry (length, width, 

height, and diameter), internal structure (infill density, infill pattern, and wall thickness) of 

the dosage form, and 3D printing process parameters (nozzle and bed temperature, print 

speed, layer height, etc.) can be altered and optimized based on the application of dosage 

form and desired pharmaceutical properties.

3.4. Formulation and fabrication of feedstock material

The filaments that will be used as feedstock material for FDM 3D printing are fabricated 

with suitable polymeric carriers and APIs using hot-melt extrusion. The manufactured 

filaments should have desirable mechanical and rheological properties for 3D printing to 

produce high-quality pharmaceutical dosage forms.

3.5. Printing and evaluation of dosage forms

Dosage forms are printed by combining hot-melt extruded filaments and a digitally 

controlled FDM 3D printer. The printed dosage forms are further evaluated for suitability to 

specific applications.

4. Process parameter considerations in FDM 3D printing

Similar to traditional pharmaceutical manufacturing techniques, various process parameters 

can be altered in FDM 3D printing and can significantly influence many product 

characteristics as well as dosage form performance. Understanding the effect of each 

parameter on product quality is necessary for producing a dosage form with desired 

characteristics for patient-centric pharmacotherapy. An overview of the FDM 3D printer 

setup and their details are presented in Fig. 3. Below are the various process parameters and 

their effect on product performance.

4.1. Printing temperature

FDM 3D printing requires that the feedstock material is melted or softened and deposited 

layer by layer to produce dosage forms. The minimum temperature required to achieve 

melting/deposition needs to be optimized without causing degradation of the polymers and 

API. Usually, the temperature required is higher than the temperature used in hot-melt 

extrusion. The viscosity of polymers plays a crucial role in determining the printing 

temperature because the melted polymers must pass through a narrow nozzle (0.25 – 1.0 

mm) of the FDM 3D printer before being deposited on the build plate. In a recent study 

conducted by Alhijjaj et al. (2019)(Alhijjaj et al., 2019), printed dosage forms were made 

using polycaprolactone (PCL) at 70 °C, 80 °C, and 90 °C; dosage forms printed at 80 °C and 

90 °C were more distorted than those printed at 70 °C. Hence, the authors concluded that 

there would be a lower limit to the melt flow index at a specific temperature below which 

quality printing is not possible.
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4.2. Build plate temperature and surface

As the printing takes place in a layer-by-layer fashion, the dosage forms need to stay in 

contact with the printer build plate to produce a finished dosage form. To maintain the 

adhesiveness of the dosage form with the build plate, the build plate should be heated to a 

specific temperature based on the type of polymeric carrier and API used in the preparation 

of feedstock material. Inadequate build plate temperature causes interruption in printing as 

the dosage forms lose contact with the build plate, resulting in an incomplete dosage form. It 

is possible that adjusting the build plate temperature is not sufficient to maintain the 

adhesiveness between the build plate and dosage form; it may be necessary to change the 

polymers used in the preparation of feedstock filaments.

4.3. Printing speed

The time required to produce a single dosage form depends on the printing speed. This 

parameter needs to be optimized as high printing speeds result in low-quality dosage forms 

and low printing speeds require more time to print a single dosage form. The quality of 

feedstock filaments needs to be considered when choosing print speed since poor quality 

filaments may break at high speeds. Alhijjaj et al. (2019)(Alhijjaj et al., 2019) investigated 

the effect of different printing speeds on the quality of dosage forms by printing at three 

different printing speeds (30 mm/s, 90 mm/s, and 160 mm/s). The results showed that the 

thickness of dosage forms tends to decrease with increasing temperature at 30 mm/s and 160 

mm/s printing speeds, whereas dosage forms printed at 90 mm/s showed consistent 

thickness independent of temperature, producing the most reproducible results with low 

standard deviations.

4.4. Infill density

The porosity of the dosage depends on the percent infill density. Dosage forms with low 

infill densities are more porous and have a greater surface area and lower hardness. The infill 

density is a critical parameter that has a profound effect on in vitro drug release profiles and 

the hardness of the printed dosage form. Many researchers have reported that the infill 

density and drug release rates are inversely proportional. A study conducted by Goyanes et 
al. (2017)(Goyanes et al., 2017) reported that tablets printed with 20% infill density 

dissolved faster than analogous tablets printed with 100% infill density. Some researchers 

have also developed floating dosage forms (Dumpa et al., 2020) (by reducing the fill 

density) and orodispersible films with high porous structures that could easily disintegrate 

(Ehtezazi et al., 2018). demonstrating an advantage of FDM 3D printing.

4.5. Infill pattern

The fill pattern defines how the core structure of the dosage form looks when printed with 

different fill densities. Similar to infill density, infill patterns may affect the hardness and in 
vitro release profiles of dosage forms. Commercially available 3D printers have default infill 

patterns including line, diamond, concentric, hexagonal, shark fill, and diamond shapes. The 

printing time of the dosage form also varies with different fill patterns. Palekara et al. (2019)

(Palekar et al., 2019) observed that printing time varies with infill pattern and was in the 

following order for 100% infill caplets: diamond > linear > shark fill > hexagonal. The 

Dumpa et al. Page 8

Int J Pharm. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



authors reported that the time required for tablet disintegration also varied with infill pattern 

and was in the order of diamond > hexagonal > linear > shark fill, and concluded that tablets 

with linear, shark fill, and hexagonal infill patterns had more porous structures than those of 

the diamond infill pattern, resulting in an easier uptake of the dissolution medium and faster 

disintegration.

4.6. Shell or wall thickness

The shell or wall can be defined as the structure created by perimeters/outlines in the 

horizontal plane and has a fill pattern that is different from that of the inner core. The shell 

has a denser structure than the core due to differences in the fill pattern. This difference in 

the fill pattern further affects release and hardness profiles. Dosage forms printed without 

shells or walls have a rough surface compared with that of dosage forms with walls or shells. 

Zhang et al. (2017a)(Zhang et al., 2017b) printed tablets with 0, 0.4, and 1.6 mm shell 

thickness and found that tablets with 1.6 mm shell thickness demonstrated extended drug 

release properties compared to those of tablets with 0 and 0.4 mm shell thickness. Tablets 

with higher shell thickness have a denser structure, whereas tablets without a shell have a 

loose structure.

4.7. Top/bottom thickness

Like shell thickness, top/bottom thickness has a separate fill pattern that is different from 

that of the inner core and significantly affects the physical properties as well as the in vitro 
drug release characteristics of dosage forms. (Lamichhane et al., 2019b) developed dosage 

forms with a unique design, keeping one side of the tablet closed and the other side opened 

to achieve the desired drug release and reported that tablets with top/bottom thickness 

demonstrated controlled drug release compared to tablets without top/bottom thickness. The 

authors concluded that tablets without top/bottom thickness had easy access to dissolution 

media compared to that of the counterpart closed systems.

4.8 Layer height

Layer height will affect the resolution and smoothness of the dosage form. Dosage forms 

printed with lower layer height will have smoother surfaces but require more time for 

printing. Dosage forms printed with higher layer heights offer enhanced mechanical 

properties and higher strength (3D Hubs, 2020)(“The impact of layer height on a 3D print | 

3D Hubs,” n.d.).

5. Filament properties and characterization parameters in FDM 3D printing

HME filaments to be used as feedstock material in FDM 3D printing should possess suitable 

mechanical, rheological, and adhesive properties to produce high-quality dosage forms. The 

flexibility and brittleness of filaments are two key mechanical properties that are used to 

assess the suitability of filaments for FDM 3D printing. Currently, polylactic acid (PLA) 

filaments possess ideal mechanical, rheological, and adhesive properties for FDM 3D 

printing and are being used as reference material for predicting the suitability of 

pharmaceutical-grade polymers for printing. A schematic representation of the mechanical 

properties of filaments used in HME-FDM 3D printing is presented in Fig. 4.
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5.1. Brittleness, flexibility, and stiffness

Brittleness of filament is defined as breakage without significant plastic deformation, 

whereas flexibility is defined as tolerance to bending without breaking (Zhang et al., 2019). 

Filaments should have a balance between flexibility and brittleness for successful feeding 

through an FDM 3D printer (Fig. 4a). Brittle filaments are difficult to load into the printer 

head and can easily break by feeding gears (Fig. 4c) and blocking the nozzle. Filaments that 

are too flexible will be squeezed between the feeding gears of the printer and will not be 

pushed through the printer nozzle (Fig. 4b). The tests used to assess the mechanical 

properties of filaments for FDM 3D printing are discussed below.

Zhang et al. (2017b)(Zhang et al., 2017a) carried out optimization studies on the formulation 

composition of filaments suitable for 3D printing. The breaking stress (ratio of force to the 

cross-sectional area) was considered as “load” and the breaking distance was considered as 

“deformation.” The stiffness of the filament is determined using the following equation, 

stiffness = load/deformation.

The 3-point bend test was used to assess the breaking force, breaking distance, and stress of 

a filament. The authors reported that brittle filaments had small breaking distances and that 

the rough surface of filaments caused high friction during the feeding process; this could be 

solved by adding suitable polymers to smooth the surface. A printable filament should have 

high breaking stress, high stiffness, and a long breaking distance. Furthermore, Zhang et al. 
(2019)(Zhang et al., 2019) described Repka-Zhang tests that included both the flexibility 

and brittleness/toughness test and the stiffness test. Testing for each single filament 

formulation was repeated 15 times. In detail, a TA-XT2 analyzer and a TA-95N probe set 

with a 25 mm supporting gap were used for the flexibility and brittleness tests. The filament 

samples were cut into rods with a length of 5 cm and then placed on the sample holder (25 

mm width gap). The blades moved at a speed of 10 mm/s until they reached a distance of 15 

mm below the sample. For the stiffness analysis, the sample holder was a solid flat metal 

surface, and the filament rods were placed on the surface. The blade was made to penetrate 

the sample until it created a 35% change in deformation (0.6 mm). The distance of the 

applied force from the start to the peak point was defined as the breaking distance. The 

stiffness has been stated to be proportional to the force applied for the deformation and is a 

constant (Ilyés et al., 2019). Öblom et al. (2019)(Öblom et al., 2019) adopted this method to 

perform a 3-point bend test. Palekar et al. (2019)(Palekar et al., 2019), Prasad et al. (2019)

(Prasad et al., 2019), and Tidau et al. (2019)(Tidau et al., 2019) used different parameters to 

perform the 3-point bend test.

Aho et al. (2019)(Aho et al., 2019) applied tensile tests to evaluate the mechanical behavior 

of the filament. The linear part of the stress-strain curves can be used to calculate the elastic 

modulus that is essentially the measure of stiffness. The yield strength is the strength of the 

material at the yield point at which the deformation changes from elastic (reversible) to 

plastic (irreversible), whereas the ultimate strength is the maximum strength. The yield 

strength here is the same as the stress in the tests conducted by Zhang et al. (2019)(Zhang et 

al., 2019). The authors reported that filaments containing a high amount of indomethacin 

(IND) were more brittle than those with low IND content.
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Elbadawi (2019)(Elbadawi, 2019) evaluated the effect of different molecular weight 

polyethylene glycols (PEGs) on PCL-ciprofloxacin (CIP) filaments. The viscosity, 

solidification properties, and adhesive properties were analyzed. The viscosity and 

adherence characteristics were measured using the tack function of a rheometer at 40 °C 

following shear at 170 °C to simulate the process of FDM. The results showed that both CIP 

and PEG affected all three processing parameters. The ternary blend with 10% w/w PEG 

8000 exhibited rheological and adhesive properties ideal for FDM.

Fuenmayor et al. (2018)(Fuenmayor et al., 2018) used dynamic mechanical analysis (DMA) 

to evaluate the filaments of all formulations using a TA Instruments DMA Q800. The test 

was performed in single cantilever mode using a frequency of 1 Hz and an amplitude of 15 

μm. A temperature range between −80 °C to 150 °C with a 3 °C /min change rate was used 

to determine the storage modulus, loss modulus, and glass transition temperature. To 

determine the stiffness, the force that is applied to the filament at any given moment to 

obtain the desired amplitude expressed in newtons (N) is considered as “load.” The distance 

of the filament moved from its original position is expressed in meters (m) and is considered 

as “deformation” To determine the brittleness, the storage modulus (E’) values were 

determined in single cantilever mode with a frequency of 1 Hz. The filament had a length of 

17.5 mm and varying diameters. A quasi-static 3-point bend test of 25 mm filament lengths 

was performed separately. The force applied to the samples was ramped up at 3 N/min and 

the test was stopped either when samples broke or when a maximum displacement was 

achieved. The Brostow-Hagg Lobland-Narkis equation was utilized to obtain brittleness (B) 

values, and sb and (E’) were calculated based on the room temperature 3-point bend test.

B = 1
εb ⋅ E′

Gültekin et al. (2019)(Gültekin et al., 2019) used the dry spaghetti fracturability test method 

to test flexibility using a texture analyzer. Three different filament samples (5 cm length) 

were used to measure their mechanical strength (flexibility). Isreb et al. (2019)(Isreb et al., 

2019a) tested the breaking stress of 10 mm length filaments by measuring tensile strength. 

The deformation rate was 20 mm/min and data were collected every 50 ms. All samples 

were measured in triplicate. A stress-strain graph was plotted for each sample. Korte and 

Quodbach (2018)(Korte and Quodbach, 2018) performed a 3-point bend test using the 

Repka-Zhang method for breaking distance but used a tensile test to determine the stiffness. 

All 20-mm-long samples were clamped between two grips with a torque of 1 N. Using the 

texture analyzer, the elongation and the corresponding forces were measured at a moving 

speed of 0.01 mm/s until filaments broke. In all cases, for elongations < 0.25%, the linear 

elastic behavior of the filaments was observed. Therefore, Young’s modulus was calculated 

using the slope between 0.05% and 0.25% elongation in the stress-strain curves.

Wang et al. (2020)(Wang et al., 2020) claimed that the suitability of filaments for FDM 3D 

printing depended not only on breaking stress and distance but also on other factors. The 

authors used Hooke’s law (F = -kx) where “F” is the stress, “x” is the distance the filament 

moved from the center, and “k” is a constant that can be calculated from the aforementioned 

equation, to predict the printability of hot-melt extruded filaments, and found that as the 
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value of “k” increased, the suitability of filaments for printing improved, and a minimum “k” 

value of 40 g/mm3 was required for filament printability.

Recently, Pengchong et al. (2020)(Xu et al., 2020) developed a quantitative model and 

compared three different texture-analysis methods (three-point bend test (brittleness), 

stiffness test, and resistance test) (Fig. 5) to study the correlation between the mechanical 

properties of hot-melt extruded filaments and their suitability for 3D printing. The authors 

extruded a total of 32 filaments using IND as a model drug and various pharmaceutical 

polymers. The authors reported that the toughness test showed relatively low variation and 

high reproducibility compared to those of the brittleness and resistance tests. Filaments with 

higher brittleness, toughness, and resistance values demonstrated greater printability. The 

authors concluded that the toughness test differentiated the printable and non-printable 

filaments more accurately than the brittleness and resistance tests. A threshold toughness of 

80 kg/mm2 was determined as the lowest value required for filaments to be successfully 

used in the FDM 3D printing process.

Nasereddin et al. (2018)(Nasereddin et al., 2018) completed feed ability and texture analysis 

(TA) screening tests. A compression test of the simulated filament through the print head 

feed process was performed using a TA.XT2 plus texture analyzer equipped with an internal 

unit and a 5-kg load cell. The filaments were axially compressed at a compression rate of 

3.15 mm/s, which corresponds to the drum moving speed of the MakerBot® Replicator 2X. 

The 5-cm-long filament sheet had a compression distance of 15 mm and a trigger force of 

0.05 N, collecting data during both compression and release.

The above-presented case studies show that various researchers have developed and used 

different approaches to assess the suitability of hot-melt extruded feedstock filaments for the 

FDM 3D printing process. However, due to variations in the specifications and settings of 

each 3D printer, it is a challenging task to derive a universal characterization test that 

perfectly determines the suitability of hot-melt extruded Filaments for FDM 3D printing. 

Among all the developed characterization tests, the toughness test developed by Pengchong 

et al. (2020)(Xu et al., 2020) could detect the printability of filaments without the need for 

testing in a real 3D printer.

6. Applications of FDM 3D printing for drug delivery

Based on the advantages of HME coupled FDM 3D printing, several research groups have 

developed and evaluated both traditional and novel dosage forms, including conventional 

immediate-release tablets and capsules, controlled- and modified-release dosage forms, 

novel floating systems for increased gastric retention, pulsatile release systems, transdermal 

and transmucosal delivery systems, and personalized implants and devices. Fig. 6 shows 

various dosage forms that have been designed in recent years using FDM 3D printing. The 

case studies related to various dosage forms produced by HME-based FDM 3D printing are 

discussed below.
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6.1. Immediate-release tablets and capsules

Several immediate-release dosage forms have been developed using 3D printing. Kempin et 
al. (2018)(Kempin et al., 2018) used a combination of PEGs (molecular weight 6000 and 

2000), kollidon VA64, polyvinylpyrrolidine (PVP K12), and poloxamer 407 to produce 

immediate-release tablets of the thermo-sensitive drug pantoprazole sodium. The printing 

temperature used in this study was less than 90 °C. Tablets printed with PVP K12 showed 

complete drug release in 10 min and met the target time of 15 min for complete dissolution. 

The authors also investigated the effect of fill density on the drug-release profile and 

reported that tablets printed with lower fill densities had higher dissolution rates compared 

with those with higher fill densities due to the increased porosity and surface area of tablets 

with lower fill density.

Arafat et al. (2018)(Arafat et al., 2018) printed oral theophylline dosage in a radiator-like 

design for immediate release profiles. The authors used a blend of polyethylene oxide (PEO) 

of different molecular weight with theophylline to fabrícate filaments for 3D printing. PEG 

6000 was used as the plasticizer. Radiator-like structures were designed with varying inter-

plate spacings of 5, 10, 15, or 20 mm. From the drug release profiles of printed dosage 

forms, the authors concluded that a minimum of 1 mm inter-plate spacing is essential to 

increase drug release from the structure and meet USP criteria for immediate-release 

products. Drug release from radiator designs with 0.5 mm inter-plate spacing was slower 

compared to that of other structures despite a similar surface to mass ratio. This may be due 

to the inter-plate adhesion caused by the swelling nature of PEO, which in turn reduced the 

contact surface area with the dissolution media and consequently the drug release. Filaments 

prepared from PEO with molecular weights of 300K and 600K demonstrated desirable 

mechanical and rheological properties for FDM 3D printing.

Sadia et al. (2018a)(Sadia et al., 2018a) developed channeled tablets using FDM 3D printing 

to accelerate drug release from 3D printed dosage forms with a basic caplet-shaped design 

measuring 17.2 × 6.8 × 6.25 mm. The caplet was perforated with channels of different 

widths ranging from 0.2 mm to 1.0 mm. Eudragit® E was used as a matrix polymer with 

hydrochlorothiazide as the model drug. Different disintegrants, including Ac-Di-Sol®, 

Primellose®, Primojel®, Polyplasdone-XL®, and Explotab®, were studied. Tablets were 

printed with filaments containing disintegrants and compared with printed tablets (control) 

without disintegrants. The authors reported that there was no significant increase in drug 

release in tablets containing disintegrants. However, channeled tablets exhibited faster drug 

release compared to that of the control without channels. Tablets with short channels (0.2 – 

0.4 mm) showed little improvement, whereas channels with widths greater than 0.8 mm 

showed a significant increase in drug release. A cumulative drug release from tablets of 

88.5% was seen at 30 min with a channel width of 1.0 mm. The study reported that a 

channel size of ≥ 0.6 mm was necessary to accelerate drug release from the dosage form to 

meet drug-release criteria according to pharmacopeia.

Although various immediate-release dosage forms have been developed using FDM 3D 

printing technology employing a layer-by-layer deposition approach, it is challenging to 

achieve immediate-release profiles using this technique. More research is needed to address 

the remaining challenges.
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6.2. Controlled- and delayed-release dosage forms

Controlled-release dosage forms maintain constant plasma drug concentrations for a longer 

time and reduce the frequency of medication compared to that of conventional 

administration. This enhances patient compliance and improves pharmacotherapy. Yang et 
al. (2018)(Yang et al., 2018) developed 3D printed ibuprofen tablets with an internal scaffold 

structure to provide controlled drug release. Ethylcellulose (EC) was used as the matrix 

polymer and HPMC (K100-LV), polyvinyl alcohol (PVA), sodium alginate, and xanthan 

gum were evaluated as release modifiers. The amount of ibuprofen in the formulation was 

varied between 16% to 24% (w/w) to determine the effect of drug loading on 3D printability 

and in vitro release profiles. Tablets with different shell thicknesses (0.4, 0.8, and 1.2 mm) 

and infill densities (15%, 20%, and 25%) were printed to determine the effect of internal 

structure on drug release rate. Formulation with a 20% w/w drug load produced optimal 

filaments for 3D printing. Drug release profiles showed that tablets with 25% w/w HPMC as 

a release modifier showed 95% drug release in 24 h compared to 17.8% without HPMC. By 

increasing the drug concentration in the formulation, the cumulative drug release at 24 h 

increased but the quality of the printed tablets decreased. The fill density and shell thickness 

of the tablets had a significant inversely proportional effect on release performance. The 

authors concluded that changing both printing parameters and formulation composition 

resulted in a 24-h controlled release formulation.

Tan et al. (2019)(Tan et al., 2019) optimized various polymeric compositions for FDM 3D 

printing of sustained-release theophylline caplets. The study used hot-melt extrusion to 

disperse theophylline in the polymer matrix and fabricated the feedstock filaments for 3D 

printing. Hydroxypropyl cellulose (HPC), Eudragit RL PO, PEG, and theophylline were 

combined in different ratios to produce filaments with suitable mechanical properties for 

FDM 3D printing. Caplet-shaped dosage forms were designed as CAD models (length 20 

mm, width 10 mm, and height 5 mm) and combined with previously extruded filaments to 

print the dosage forms. The printed caplets were tested for in vitro dissolution profiles; the 

drug release was sustained for more than 10 h in an optimized formulation. The tablets 

containing lower amounts of Eudrgit RL PO exhibited faster drug release compared to that 

of the other formulations. The authors concluded that FDM 3D printing is a cost-effective 

and convenient manufacturing technique to produce personalized medicines.

Borujeni et al. (2020)(Homaee Borujeni et al., 2020) used FDM 3D printing to obtain 

dosage forms with a zero-order drug release. Filaments extruded using hot-melt extruder 

contained carbamazepine, EC, and HPC (3%, 64.7%, and 32.3% w/w, respectively) and 20% 

w/w of triethyl citrate. Cylindrical tablets with 13 mm diameter and 3.5 mm thickness were 

designed and printed with the fabricated filaments. The tablets showed excellent uniformity 

in weight, drug content, and physical dimensions and possessed desirable mechanical 

properties for packing and handling purposes. Both filaments used for 3D printing and 

printed tablets were subjected to in vitro dissolution studies. Drug release from the filaments 

followed first-order drug release whereas a zero-order drug release pattern was observed 

from the 3D printed tablets. This study concluded that the methodology for making HPC/EC 

3D printed tablets could be used to manufacture dosage forms with zero-order drug-release 

profiles.
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Delayed-release dosage forms are beneficial for drugs that are not stable in the gastric region 

or are only absorbed in the lower parts of the gastrointestinal tract. Okwuosa et al. (2017)

(Okwuosa et al., 2017) fabricated gastro-resistant 3D printed tablets using a dual nozzle 

FDM 3D printer. The authors printed the inner drug core with one nozzle and the enteric 

outer core that provided gastric resistance with the second nozzle. PVP was used as the 

matrix polymer for the inner core and methacrylic acid co-polymer for the outer enteric coat. 

Budesonide, theophylline, and diclofenac sodium were used as model drugs. Capsules were 

printed with different enteric-coat shell thicknesses (0.17, 0.35, 0.52, 0.70, or 0.87 mm). 

Tablets with an enteric-coat shell thickness of less than 0.35 mm did not provide any gastric 

resistance; drug release was observed in less than one hour. With an enteric shell thickness 

of 0.52 mm and above, less than 3% drug release was seen in the gastric medium at 2 h. All 

three model drugs demonstrated similar pH-dependent drug release. From the above 

observations, the authors concluded that a minimum enteric shell thickness of 0.52 mm was 

necessary to provide gastric resistance.

Goyanes et al. (2017)(Goyanes et al., 2017) used HPMC AS as an enteric polymer for the 

development of modified release “printlets” Three grades of HPMC AS were evaluated for 

gastric protection and paracetamol was used as a model drug. Tablets with two different drug 

loadings (5% and 50%) and infill densities (20% and 100%) were tested for in vitro release 

performance. The authors reported that drug release was faster in tablets printed with LG 

grade, followed by MG and then HG grade. All the tablets showed less than 10% drug 

release in the first two hours, in accordance with USP criteria for delayed-release dosage 

forms. The authors highlighted that even with 50% drug loading, less than 10% drug release 

was observed in the first two hours, indicating the potential of the 3D printing technique in 

manufacturing delayed-release dosage forms with higher drug load. The authors stated that 

tablets with 20% infill showed hollow spaces in the inner part of their structures and faster 

drug release compared to that of tablets with 100% infill. Drug release from these 3D printed 

tablets was governed by both drug diffusion and polymer surface erosion mechanisms.

The above case studies demonstrate the potential of FDM 3D printing for producing various 

modified-release dosage forms. Dual-nozzle 3D printers offer special advantages for printing 

outer enteric coats and inner drug coats for preparing delayed-release dosage forms.

6.3. Novel floating drug delivery systems

Floating drug delivery dosage forms are low-density systems that can float on gastric 

contents for predictable and prolonged periods and deliver medication in the upper part of 

the gastrointestinal tract. They are advantageous for drugs such as weak acids that are 

soluble in acidic environments, or drugs that are degraded by enzymes or in alkaline pH 

(Streubel et al., 2OO6)(WorsØe et al., 2011). Using the capability of FDM 3D printing in the 

design and printing of hollow or porous dosage forms, several studies have demonstrated the 

potential of this technique for developing gastro-retentive floating drug delivery systems 

without adding any gas-forming agents (WorsØe et al., 2011)(Dumpa et al., 2020). Chai et 
al. (2017)(Chai et al., 2017) were the first to demonstrate the feasibility of FDM 3D printing 

for developing floating dosage forms. HPC EXF and domperidone were blended in a 90:10 

w/w ratio to prepare filaments for 3D printing. The extrusion and printing temperatures were 
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145 °C and 210 °C, respectively. The extruded filaments were then printed into hollow-

structured cylindrical tablets with a 10 mm diameter and 3.2 mm height. The floating 

capability of the printed tablets was strongly related to density; tablets with a density greater 

than 0.9 g/cm3 tended to sink to the bottom of the dissolution vessels. Optimized floating 

tablets remained afloat in dissolution media for 10 h and demonstrated sustained drug 

release; when evaluated in vivo in New Zealand rabbits, tablets remained buoyant in the 

rabbits’ stomachs for 8 h and disappeared at the end of 12 h. In vivo pharmacokinetics in 

rabbits showed a tmax of 1.5 h and 5 h for commercial and 3D-printed floating domperidone 

tablets, respectively, demonstrating the success of FDM 3D printing dosage forms in vivo.

Dumpa et al. (2020)(Dumpa et al., 2020) used FDM 3D printing to fabricate gastro-retentive 

floating pulsatile tablets. HPC and EC polymers were used to print hollow structured shells 

with different geometries (shell thickness, wall thickness, and infill density) and compressed 

immediate-release tablets into the previously printed hollow structures. The authors reported 

that all the prepared tablets floated immediately without lag time. The lag time for the pulse 

release of medication varied from 30 min to 6 h based on the geometrical properties and 

concentration of EC. The tablets with 2 mm shell thickness, 1.6 mm wall thickness, 100% 

infill density, and 0.5% EC demonstrated the desired lag time of 6 h. This study 

demonstrated the potential of FDM 3D printing in the development of complex customized 

drug delivery systems for personalized pharmacotherapy.

(Lamichhane et al., 2019b) developed customized 3D printed tablets for intra-gastric floating 

delivery of pregabalin. Tablets with three different infill densities (25%, 50%, and 75%) 

were printed either as open or closed systems. The open-system tablets did not have any top 

or bottom, whereas the closed-system tabletswere printed with a top and bottom thickness of 

0.4 mm. Open systems failed to show floating behavior because dissolution media entered 

the void spaces and increased the density of tablets. The presence of top and bottom layers 

in the closed system prevented the entry of media into the void spaces and tablets were able 

to remain buoyant. Based on these results, the authors designed a novel customized tablet 

with a closed bottom and partially opened top, and demonstrated their good floating 

behavior and zero-order drug release.

Kimura et al. (2019)(Kimura et al., 2019) similarly fabricated floating dosage forms with 

zero-order drug release profiles using itraconazole, which is a poorly water-soluble weak 

base, as a model drug. HPC and PVP were used as matrix polymers for filament preparation. 

Hollow structured tablets with different shell thicknesses (0.5 – 1.5 mm) and different top/

bottom thicknesses (0.3 – 0.5 mm) were printed and evaluated for drug release in vitro. 
Tablets with 1.5 mm sidewall thickness and 0.5 mm top/bottom thickness demonstrated 

zero-order drug release for 12 h. The authors concluded that dosage forms with desired 

floating time and drug release rate can be developed using FDM 3D printing.

6.4. Orodispersible and buccal films

Orodispersible films (ODFs) have been reported to improve patient compliance and ease of 

swallowing in patients suffering from dysphagia. They are also considered to be age-

appropriate dosage forms because of their disintegrating nature in the mouth without the 

need for water. Drugs delivered by ODFs also avoid first-pass metabolism.
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Jamróz et al. (2017)(Jamróz et al., 2017) developed aripiprazole orodispersible films using 

FDM 3D printing and compared their physicochemical and mechanical properties with cast 

films. The drug was mixed with PVA and filaments were fabricated using HME at 172 °C. 

Films with dimensions of 20 × 30 × 0.15 mm were designed and printed; upon visual 

inspection, the 3D printed films appeared homogeneous with no evidence of drug crystals, 

whereas crystals of aripiprazole appeared in the cast films. Although the thickness of the 3D 

printed films was two times higher than that of the cast films, their disintegration time was 

similar (43 s for the 3D printed films and 38 s for the cast films). The 3D printed films had 

higher flexibility and lower durability than those of the cast films. DSC thermograms 

showed that the drug was completely amorphous in the 3D printed films and remained 

crystalline in the cast films. In vitro dissolution studies demonstrated that 95% of the drug 

was released at 15 min in the 3D printed films compared to 75% in the cast films due to the 

amorphous form of the API in the 3D printed films. The standard deviations were reported 

to be smaller in the dissolution profile of the 3D printed films compared to those of the cast 

films, indicating the potential of FDM 3D printing for manufacturing uniform ODFs.

Ehtezazi et al. (2018)(Ehtezazi et al., 2018) similarly demonstrated the application of FDM 

3D printing in manufacturing multilayered fast-dissolving films. Feedstock filaments were 

prepared either with PVA or PEO as the matrix polymer and paracetamol as a model drug. 

Sodium starch glycolate and croscarmellose sodium were added to the formulation to aid in 

the disintegration of films and sodium lauryl sulfate to increase the dissolution rate. The 

authors printed either single-layered or multilayered films with additional taste-masking 

layers separated from the drug layers. The printed films demonstrated suitable uniform 

weight and thickness. Films printed with mesh design had appropriate flexibility and showed 

faster drug release. This property of films is highly desirable during the handling and 

packing process. Films printed with PEO became brittle upon storage, while the PVA films 

maintained the same mechanical properties. The addition of taste-masking layers delayed 

drug release from the films. This work demonstrated the proof-of-concept in preparing fast-

dissolving films by FDM 3D printing.

Eleftheriadis et al. (2019)(Eleftheriadis et al., 2019) employed FDM 3D printing for 

manufacturing diclofenac sodium mucoadhesive films that enabled unidirectional drug 

release. The films were made of PVA with chitosan added as a permeation enhancer. Ethyl 

cellulose and commercial wafer sheets were used as the backing layer. The films were 

evaluated for structural integrity and dose uniformity. Solid-state characterization of the 

films showed that the drug was converted to an amorphous form. The backing layers EC and 

wafer sheets were evaluated by determining the diffusion profile of the drug through these 

layers and water sorption. They found that EC acted as a more effective backing membrane 

than the commercial wafer layers. The presence of chitosan enhanced the mucoadhesion and 

permeation properties as demonstrated by ex vivo studies. The in vitro studies showed that 

the drug release followed first-order kinetics. This work demonstrated that FDM 3D printing 

is a useful approach for manufacturing multi-layered mucoadhesive buccal films having 

unidirectional release properties.
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6.5. Pediatric dosage forms

Formulations that are acceptable and appropriate for end-users can enhance patient 

compliance and thereby therapeutic outcomes. Owing to the bitter taste of APIs and the 

unavailability of suitable doses, it is a challenge to administer drugs to pediatric populations. 

With the inherent advantage of FDM 3D printing to produce dosage forms with the required 

dose and shape, this technology offers additional advantages in manufacturing dosage forms 

for pediatric populations. Below are examples of dosage forms developed using FDM 3D 

printing that are suitable, attractive, and palatable to pediatric populations.

Scoutaris et al. (2018)(Scoutaris et al., 2018) developed candy-like formulations for 

pediatric medicines with enhanced palatability using FDM 3D printing by extruding 

HPMCAS- and PEG-based filaments loaded with indomethacin to obtain formulations of 

different shapes, such as a heart, ring, bottle, bear, and lion. After printing dosage forms, 

they performed physicochemical characterization using DSC, FTIR, XRD, and Raman 

analysis, which showed that the drug was molecularly dispersed in the formulations. The in 
vivo taste-masking evaluation in 10 healthy human volunteers demonstrated excellent 

concealing of the drug bitterness. The in vitro drug dissolution studies showed that the drug 

release was independent of the formulation shape and was completed in 60 min, 

demonstrating that FDM 3D printing could be employed for the production of pediatric 

dosage forms with desired shapes and taste-masking.

Wang et al. (2020)(Wang et al., 2020) developed taste-masked donut-shaped tablets for 

pediatric applications. Caffeine citrate (CC) was chosen as the model drug and HPC and 

Eudragit® EPO were used as the matrix polymers for filament fabrication. A three-point 

bend test was used to calculate the stiffness constant “k” to assess the printability of the 

filaments. The donuts were printed with three different infill densities (10%, 50%, and 

100%). The in vitro dissolution studies conducted in simulated salivary fluid (pH 6.8, 

artificial saliva) demonstrated that concentrations of CC observed in the dissolution media 

from all the printed donuts were less than the bitter threshold of CC (0.25 mg/mL). The 

authors reported that the addition of Eudragit EPO to the formulation enhanced the taste-

masking efficiency of printed donuts. The optimized formulation exhibited immediate 

release profiles in the gastric medium. The authors concluded that taste-masked dosage 

forms with enhanced pediatric appeal could be produced using FDM 3D printing 

technology.

Thus, FDM 3D printing can offer additional advantages for manufacturing pediatric dosage 

forms compared to traditional manufacturing techniques. From the above case studies, it can 

be concluded that dosage forms with the required dose, shape, and size can be produced that 

could enhance medication adherence, therapeutic outcomes, and safety in pediatric 

populations.

6.6. Abuse-deterrent dosage forms

Abuse-deterrent formulations (ADFs) are reformulations of controlled drug substances that 

hinder or reduce the extraction of drugs from the dosage form, making it unattractive for 

drug abusers. These ADFs also prevent administration of dosage form through alternative 
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routes, making the dosage forms less rewarding. Turk et al. (2012)(Turk et al., 2012) studied 

3D printing technology in the development of ADFs. Nukala et al. (2019)(Nukala et al., 

2019a) developed egg-shaped ADFs with immediate release properties. The authors 

prepared placebo filaments using various hydrophilic polymers such as PVA, HPC, 

Kollidon® VA64, Affinisol™ 15LV, and Kollicoat® IR. The prepared filaments were 

evaluated for printability and crush resistance. Based on these criteria, PVA was found to be 

a suitable filament for the printing of ADF. Metformin HCl was loaded into PVA and the 

filaments were used for printing the “egglets” The size, infill density, and drug load of the 

egglets were optimized using a multifactorial design with solvent extraction and drug release 

as responses. The optimized formulation demonstrated a hardness of > 500 N; 80% of 

particles were more than 1 mm in size and resistant to snorting and intravenous abuse. Drug 

extraction studies conducted in level 2 and level 3 solvents showed less than 15% drug 

release. The optimized formulation also met the FDA requirement of < 85% drug release in 

30 min. This showed that HME coupled with FDM 3D printing could be a promising tool 

for the preparation of patient-tailored immediate release ADFs.

6.7. Personalized implants

FDM 3D printing can produce dosage forms with complex structures and customized 

implants according to the patient’s needs and has gained significant importance in this area 

of research. In a study reported by Fu et al. (2018)(Fu et al., 2018), vaginal rings were 

prepared by FDM 3D printing using PLA and PCL as carriers. A solid dispersion was 

prepared by mixing progesterone and PEG 4000, blended with a mixture of PLA, PCL, and 

Tween 80, and extruded to form filaments. The extruded filaments were used as feedstock 

material to print O-, Y-, and M-shaped vaginal rings that were characterized using XRD, 

DSC, TGA, and in vitro dissolution. The studies showed that progesterone was present in 

the implants in a stable and amorphous form and that the drug release was sustained for 

more than seven days. The authors concluded that FDM 3D printing is an effective strategy 

to produce personalized implants.

Liang et al. (2018)(Liang et al., 2018) developed a wearable personalized oral device in the 

form of a mouth guard; this was the first study to evaluate the performance of FDM 3D 

printed implants in humans. The authors used clobetasol propionate (CBS), which is widely 

used in the treatment of oral inflammatory conditions, as a model drug. Clobetasol 

propionate was replaced with food-grade vanillic acid for the human release study. PVA and 

PLA were employed as matrix polymers at two different ratios with 10% (w/w) CBS or 

2.5% (w/w) vanillic acid drug loading. The fabricated filaments exhibited desirable 

mechanical properties suitable for 3D printing; the APIs were converted to an amorphous 

form in the fabricated filaments. In vitro release studies were conducted in simulated saliva. 

Mouthguards printed with filaments having a PVA/PLA ratio of 6:3 showed a cumulative 

release of 39% in 2 weeks, whereas mouthguards printed with a PVA/PLA ratio of 5:4 

demonstrated a cumulative drug release of 19%. To evaluate the tailor-fitting mouth guards 

in humans, the authors scanned the maxillary anatomical imprints using an intraoral scanner, 

and used the imprints as templates for 3D printing of customizable mouth guards. The 

printed mouth guards were successfully fitted to each individual’s anatomy. The entire 

process from the intraoral scan to the final wearing of the customized VA-loaded 
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mouthguard took less than two hours; this technology confers advantages in terms of speed 

and efficiency compared to conventional manufacturing techniques such as casting and 

molding. Examples of various polymers, APIs, and other excipients used in HME-based 

FDM 3D printing are presented in Table 1.

7. Advantages of FDM 3D printing in individualized pharmacotherapy

To achieve greater success in customized drug delivery and personalized pharmacotherapy, 

various challenges need to be addressed. Due to variations in genetic conditions, 

metabolism, weight, height, body surface area, and disease conditions from patient to 

patient, there is a need for a wide range of dosage forms and strengths to meet the 

requirements of each individual. FDM 3D printing offers solutions to various challenges in 

individualized pharmacotherapy because of its inherent advantages shown in Table 2.

8. Future Perspectives

The proposed prospects of FDM 3D printing in pharmaceutical product development are 

shown in Fig. 7. Due to the non-availability of all the required dosage regimens for 

individualized pharmacotherapy, pharmacy-based dosage printing is an alternative to 

conventional industrial manufacturing. Furthermore, 3D printing of pharmaceuticals is also a 

viable solution in situations such as on-demand manufacturing of required medications at 

clinics, under disaster relief conditions, and in operating theaters and military emergencies 

(Khaled et al., 2014). With the increased use of innovative technologies in health care, 

diagnosis of disease conditions and production of medications at patients’ home facilities 

with online approval from physicians will soon become a reality. Continued research in this 

field and strict regulatory guidelines will bring drastic changes in drug dispensing and 

patient-centric drug delivery.

9. Conclusions

Pharmaceutical research has paid increased attention to the capability of 3D printing to 

personalize and customize dosage forms. The FDA approval of the first 3D printed drug 

showed pharmaceutical companies the industrial feasibility of this technique. To make this 

manufacturing technique a reality in the pharmaceutical field, a deeper understanding of the 

various process and machine-related parameters that can affect critical quality attributes of 

final dosage forms is essential. Creating a database of all pharmaceutical polymers with their 

specific applications that could be used in the 3D printing process would save research time 

and effort. Although efforts are underway to further advance and overcome limitations 

associated with this methodology, there are still many challenges that need to be addressed 

such as poor resolution, low production capabilities, high thermal exposure, safety, and 

regulatory concerns. Solving these limitations and putting regulations in place would likely 

revolutionize the process of personalizing dosage forms along with safety, efficacy, and 

adherence.
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Fig. 1. 
Use of 3D printing in the production of dosage forms for personalized pharmacotherapy
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Fig. 2. 
Graphical representation of hot-melt extrusion coupled fused deposition modeling (FDM) 

3D printing for the fabrication of pharmaceutical dosage forms. API: active pharmaceutical 

ingredient.
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Fig. 3. 
Schematic representation of a single nozzle 3D printer (left) and dual nozzle 3D printer 

(right).
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Fig. 4. 
Schematic diagram demonstrating the mechanical behavior of various types of filaments 

during the 3D printing process: a) optimal filament; b) soft filament; c) brittle filament.
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Fig. 5. 
Texture analyzer setup for filament mechanical property test. Illustrations of (a) a three-point 

bend (3PB) test, (b) resistance test, and (c) stiffness test. (Xu et al., 2020) (permission to 

reprint the figure has been obtained).
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Fig. 6. 
Examples of various complex dosage forms that have been produced with fused deposition 

modeling 3D printing.
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Fig. 7. 
Proposed future potential of integrating fused deposition modeling 3D printing with the 

health care system to provide improved individualized pharmacotherapy.
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Table 2.

Solutions offered by FDM 3D printing for various challenges in individualized pharmacotherapy.

Challenges 3D printing approach Benefits References

Patients taking multiple
medications/polypills

Multiple layered tablets; each layer can be printed 
with a different drug

Reduced chance of missing 
dose (Sadia et al., 2018b)

Personalized dosing Definite amount of dose can be dispensed by 
varying the size and shape of the dosage form Delivering the desired dose (Pietrzak et al., 2015)

Pediatric dosage forms Dosage forms can be designed in attractive shapes/
suitable sizes Enhanced patient compliance (Scoutaris et al., 2018)

Patients with difficulty in 
swallowing

Porous structures which dissolve or disintegrate 
easily in the mouth can be designed as fast 

dissolving films
Ease of administration (Ehtezazi et al., 2018)

Variation in anatomical 
body parts Customized implants can be fabricated Increased patient comfort and 

thereby compliance (Pietrzak et al., 2015)

On-demand manufacturing Tablets can be printed at clinics or pharmacies 
upon request

Increased availability of 
medicines (Trenfield et al., 2018)

Conditions that require 
complex release profiles

Dosage forms like pulsatile delivery systems can 
be designed

Enhanced patient compliance 
and thereby a therapeutic 

effect
(Trenfield et al., 2018)
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