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Three-dimensional (3D) printing, or additive manufacturing, is a newer route to making 

medicines in which a dosage form is assembled layer upon layer from a computer-gen-

erated model. In contrast to traditional production, the approach lets formulators adjust  

dose, size, shape, internal geometry, composition and drug-release behaviour to suit the 

needs of each patient. This review outlines the main printing technologies used for 

pharmaceuticals, namely binder jetting, fused deposition modelling (FDM), semi-solid 

extrusion (SSE), material extrusion deposition (MED), stereolithography (SLA) and 

digital light processing (DLP), and describes the materials and excipients that make 

successful printing possible. Polymers have a central role, supplying structural strength, 

printability and control over drug release, whereas plasticizers, lubricants, disintegrants, 

fillers, binders and other additives affect how the formulation is processed and how the 

finished product performs. The main quality parameters discussed are mechanical and 

tensile  strength,  structural  fidelity,  layer  adhesion,  resolution,  drug distribution and 

release profile. Possible uses include personalized medicine, paediatric and geriatric 

treatment, preclinical research, veterinary products and cancer surgery. Even so, ex-

pensive equipment, a narrow choice of printable pharmaceutical materials, drugs that 

are sensitive to heat or light, difficulties in scale-up, reproducibility, quality control and 

still-developing regulation continue to hold the field back. On balance, 3D printing 

offers a promising path to adaptable, patient-centred and individualized dosage forms.
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INTRODUCTION:

3D printing, also called additive manufacturing, creates 

an object from a digital model by laying down or so-

lidifying material one layer at a time. Having started as 

a tool for industrial prototyping, it moved into health-

care, first for medical devices and implants and more 

recently for pharmaceutical products. The chief attrac-

tion in pharmaceutics is that the same manufacturing 

platform can yield dosage forms that differ in dose, 
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geometry,  composition,  appearance  and  release 

behaviour, so that each product can be matched to the 

individual patient [1-4].

Pioneering  work  showed  that  drug-delivery  devices 

and oral dosage forms could indeed be made by 3D 

printing. Wu et al. described solid free-form fabrication 

of drug-delivery devices in 1996,  and Katstra  et  al. 

went on to show that orally administered dosage forms 

could be produced in the same way  [5,6]. Researchers 

have  since  examined  printing  for  immediate-,  de-

layed-  and  controlled-release  systems,  for  products 

containing more than one drug, and for dosage forms 

with doses set for a specific patient [2,4,7].

Compared with conventional large-scale manufactur-

ing, the main benefit is freedom of design. By editing 

the digital model, one can change the dose strength, 

internal structure, surface area, drug combination, re-

lease profile or even the look of the product to make it 

more patient-friendly.  This  matters  most  when mar-

keted strengths do not fit a patient's dosing needs, as in 

paediatric and geriatric care or in treatment with nar-

row-therapeutic-index drugs [3,7,8].

FUNDAMENTALS:

Principle of Binder Jetting (BJ-3DP):

Binder jetting starts by spreading a thin layer of pow-

der, made of the drug and excipients, across the build 

platform. A printhead then dispenses droplets of binder 

onto chosen areas so that the particles there stick to-

gether. Next the platform moves down and fresh pow-

der is spread over the previous layer. By repeating these 

steps the dosage form is built up; loose powder is then 

taken away and any needed post-processing is carried 

out. The API can either be mixed into the powder bed 

or supplied through a printable liquid [8-10].

Figure 1: Schematic of the Binder-Jet 3D Printing Principle for Preparing Pharmaceutical Tablets [8].

Principle of Fused Deposition Modelling (FDM):

In FDM, a filament loaded with drug is pushed through 

a heated nozzle, where it softens and is laid down along 

paths controlled by computer in the X–Y plane. Once a 

layer is complete, the platform shifts along the Z axis 

and the following layer is printed on top. Drug-loaded 

filaments can be made by soaking, by hot-melt extru-

sion (HME), or by printing a hollow shell, filling it with 

drug and then sealing it  [11-14]. HME-FDM is popular 

because the API is  spread fairly evenly through the 

polymer filament. Its main drawback is the high pro-

cessing  temperature,  which  makes  the  method  less 

suitable for heat-labile APIs [12,14].
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Figure 2: Schematic of the FDM Principle and the Ways of Preparing Drug-Containing Printed Tablets [8].

Principle of Semi-Solid Extrusion (SSE):

In SSE, a semisolid material is pushed out of an extru-

sion head that follows a programmed path, building the 

object layer after layer. The formulation normally sits 

in a syringe or cartridge, and the force that drives it out 

can be pneumatic, mechanical or electromagnetic. As 

printing can take place at fairly low temperature, SSE 

suits drugs that are sensitive to heat and has been used 

for immediate-release, orodispersible, chewable, con-

trolled-release and gastroretentive systems. How well 

it works depends largely on the viscosity and rheology 

of the material: if it is too viscous the flow may block, 

while if it is too thin the printed shape may not hold. A 

drying  step  or  other  post-processing  may  also  be 

needed [15].

Figure 3: Extrusion Mechanisms Employed in Semi-Solid Extrusion 3D Printing [8].

Principle of Material Extrusion Deposition (MED):

MED merges material extrusion with hot-melt extru-

sion and allows several materials to be supplied from 

coordinated printing stations. The API and the excipi-

ents may be fed in separately, blended, and brought to 

a uniform molten state before being deposited. Under 

controlled pressure and temperature, different materials 

can then be laid down to form intricate dosage forms 

such as modified-release structures [16].

Principle of SLA and DLP:

Stereolithography (SLA) hardens a liquid resin at se-

lected positions through photopolymerization, usually 

with a laser that works layer by layer. Because of its 

fine spatial resolution, SLA is well suited to intricate 

structures and specialized drug-delivery devices. Digi-

tal light processing (DLP) instead uses a digital mi-

cromirror  device  to  cure  a  whole  layer  in  a  single 

exposure, which usually makes it quicker than SLA. 

DLP has been studied for sustained-release tablets and 

microneedle arrays. For both methods, the photopoly-

merizable  materials  must  be  chosen  with  care,  and 
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residual resin and the compatibility of the drug with 

light need attention [17-19].

MATERIALS  IN  3D-PRINTED 

PHARMACEUTICALS:

The choice of materials governs printability, structural 

integrity, drug stability and release behaviour. Poly-

mers  are  the  main  formulation  components  because 

they  can serve  both  as  the  structural  matrix  and as 

agents  that  control  release.  For  FDM, thermoplastic 

polymers  such  as  hydroxypropyl  methylcellulose 

(HPMC),  polyvinyl  alcohol  (PVA),  polylactic  acid 

(PLA) and polycaprolactone (PCL) are often consid-

ered. Hydrogels, including polyethylene glycol (PEG), 

alginate, gelatin and chitosan, are suitable for extru-

sion-based printing, and photopolymerizable materials 

such  as  PEG  diacrylate  are  applied  in  light-based 

methods [20,21].

A polymer intended for pharmaceutical printing should 

ideally  be  biocompatible,  be  cleared  from the  body 

without unacceptable effects, be compatible with the 

API, give the required release profile, and print well in 

the chosen process. Depending on the technology, it 

may be provided as a filament, powder, paste, hydro-

gel, solution or colloidal suspension [20].

Further excipients serve particular roles in processing 

or in the dosage form. Plasticizers, for example triethyl 

citrate, make filaments less brittle and more flexible 

and easier  to  process,  which  is  especially  useful  in 

FDM. Lubricants help powders flow, lower friction and 

prevent sticking to equipment. Disintegrants encourage 

water uptake and the breaking apart of the tablet, and 

fillers  add  bulk  and  can  improve  structural  quality. 

Binders,  surfactants,  colorants,  flavours  and  release 

modifiers may also change integrity, wetting, dissolu-

tion, appearance and how readily patients accept the 

medicine [21-25].

The API has to stay stable both during printing and 

afterwards  in  storage.  Consequently,  the  process  is 

selected by weighing API properties,  polymer com-

patibility, exposure to heat or light, formulation vis-

cosity, mechanical needs and the target release profile. 

A wide range of drug classes has been tried with 3D 

printing, and the technique also makes it possible to 

include several APIs in one dosage form [15,26].

TYPES  OF  3D  PRINTING  USED  IN 

PHARMACEUTICALS:

Of the approaches applied in pharmaceuticals, FDM, 

SSE, binder jetting, MED, SLA and DLP are the main 

ones. FDM is relatively easy to access and can create 

complex  internal  architectures,  although its  heat  re-

quirements rule out some APIs. SSE copes better with 

temperature-sensitive  materials  and  accepts  many 

kinds of semisolid formulation, but viscosity, resolu-

tion and post-processing can be troublesome. Binder 

jetting relies on the interaction between powder and 

binder  and  is  especially  relevant  for  porous  dosage 

forms. MED deposits materials in a coordinated way 

and  shows  promise  for  modified-release  and  multi-

material products. SLA and DLP give high geometric 

accuracy, so they suit complex structures, but the pho-

topolymer  chemistry  and  leftover  material  must  be 

considered [8,11,15-19].

Hence, the printing technology should be chosen by 

looking at API stability, excipient properties, viscosity 

or melt behaviour, needed resolution, intended release 

profile,  dosage-form  geometry  and  available  equip-

ment, and not simply by how fast the printer works.

EVALUATION  OF  3D-PRINTED  DOSAGE 

FORMS:

Evaluation is needed to verify that a printed product has 

sufficient  mechanical  integrity,  accurate  structure, 

uniform dose and the right drug-release performance. 

The usual tablet quality attributes still apply, but addi-

tive  manufacturing  adds  further  characteristics  that 

arise  from the  digital  design  and  the  layer-by-layer 

process.

Hardness and Tensile Strength:

Hardness, or breaking force, shows how well a dosage 

form withstands mechanical damage during process-

ing, handling and transport, and it may also affect dis-

integration and drug release. Tensile strength describes 

mechanical performance more in terms of the material 

itself, and it is particularly useful when tablets have 

unconventional shapes [27,28].

Structural  Fidelity,  Layer  Adhesion  and  Resolu-

tion:
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A printed dosage form should match the intended dig-

ital  geometry  with  suitable  dimensional  accuracy. 

Structural fidelity, adhesion between layers, layer res-

olution and surface features are key quality attributes, 

since  even  slight  changes  in  geometry  or  internal 

structure can alter mechanical behaviour and drug re-

lease. They matter even more for personalized prod-

ucts, in which every digital design may be different 
[13,27,28].

Drug Distribution and Release:

The distribution of drug and the uniformity of content 

should be examined to make sure that the intended dose 

is  delivered  every  time.  Dissolution  or  drug-release 

testing  is  essential,  because  polymer  type,  infill, 

porosity, surface area and internal geometry can all be 

purposely varied to alter release. In personalised and 

multi-drug  systems,  each  API  should  be  confirmed 

analytically [24,27].

CURRENT REGULATORY FRAMEWORK:

Regulation of pharmaceutical 3D printing has not yet 

caught up with the technology. Present regulatory ap-

proaches offer helpful principles, yet detailed, product-

specific frameworks for 3D-printed medicines are still 

being  worked  out.  The  FDA Emerging  Technology 

Program gives a route for discussing new manufactur-

ing technologies, and European initiatives have dealt 

with  innovation  and  certain  aspects  of  3D printing. 

Quality-by-Design (QbD) is highly relevant, as it pro-

motes systematic control of material attributes, process 

parameters and critical quality attributes across devel-

opment [8,29-35].

In  assessing  pharmaceutical  3D  printing,  regulators 

need  to  consider  the  qualification  of  raw materials, 

control of software and digital designs, printer perfor-

mance, process reproducibility, dose accuracy, product 

stability,  mechanical  properties,  drug  release  and 

traceability. Because some products are individualized, 

it  is  also unclear how to manage changes in digital 

designs,  formulations  and  manufacturing  sites.  For 

wider clinical and commercial use, standardized test 

methods  and  dependable  process  controls  will  be 

needed [8,29,32,34-36].

ADVANTAGES AND LIMITATIONS:

Advantages:

Customization is the leading advantage. Dose strength, 

drug combinations, shape, colour, flavour and release 

behaviour can all be adapted to what the patient needs. 

Complex internal structures that would be hard to make 

by  conventional  compression  are  also  possible.  Be-

cause  production  can  be  on  demand  and  in  small 

batches, there may be less need to stock several con-

ventional strengths, and decentralized or point-of-care 

preparation could be supported [2,7,35].

Patient  acceptability  can  also  be  improved,  through 

patient-friendly  shapes,  taste-masking  and  dosage 

forms adjusted to the patient's ability to swallow. In 

addition,  personalized  polypharmacy becomes  feasi-

ble, either by combining several APIs in one unit or by 

giving different regions of a printed structure different 

release profiles [26,37].

Limitations and Challenges:

The  main  limitations  are  the  high  upfront  cost  of 

equipment and software, the need for specialist skills, 

the  small  number  of  suitable  pharmaceutical-grade 

printable  excipients,  the  heat  or  light  sensitivity  of 

some APIs, and the difficulty of moving from labora-

tory printing to large-scale production. Reproducibility 

can also suffer from process variability, ageing of ma-

terials, post-processing steps and differences between 

printers.  Uncertain  regulation  and  the  lack  of  stan-

dardized quality-control  methods remain serious ob-

stacles [35-39].

For this reason, the technology is unlikely to displace 

conventional high-throughput manufacturing across all 

products. It is expected to be most valuable in the near 

term  for  individualized,  complex  or  low-volume 

dosage forms, where customization brings a distinct 

clinical benefit.

CLINICAL  AND  PRECLINICAL 

APPLICATIONS:

Preclinical Applications:

Preclinical  work  needs  dosage  forms  that  fit  small 

animal models, for which doses and sizes can differ 

greatly from those of human products. 3D printing can 

make  small  capsules,  pellets  and  miniprintlets  with 

controlled dimensions and drug content set  for each 
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case. Such flexibility can make dosing easier and per-

mits release characteristics to be matched to the exper-

imental model [40,41].

Personalized Medicine:

Personalized medicine is arguably the most significant 

potential  use.  Printlets  can be produced in small  or 

single batches, each with its own dose, formulation, 

drug combination and appearance. This is particularly 

useful for narrow-therapeutic-index drugs and for pa-

tients  whose  needed  dose  lies  between  available 

strengths. Control through digital design can lessen the 

need for manually splitting or crushing tablets, which 

can otherwise lead to dosing errors [8,42].

Pediatric Applications:

Doses  for  children  are  often  calculated  from  body 

weight or body surface area, and taste strongly influ-

ences whether a medicine is accepted. FDM has been 

applied  to  make  candy-like  chewable  printlets  with 

custom shapes and taste-masking features, and patient 

acceptability of printed shapes has been assessed. Such 

examples  show  that  dose  and  acceptability  can  be 

tackled together [13,43].

Adult and Geriatric Applications:

In  adults  and  older  patients,  3D  printing  can  yield 

dosage forms with altered geometry, dimensions that 

are easy to swallow, individualized doses and several 

medicines in one. Researchers have assessed how ac-

ceptable patients find different printlet shapes, and SSE 

has  been  used  to  print  pH-responsive  polypills  that 

combine several drugs in one unit. Such approaches 

could be useful for polypharmacy and for patients who 

have difficulty swallowing [43,44].

Veterinary Applications:

Doses in veterinary medicine usually depend on the 

species, age and body weight of the animal. Ordinary 

tablets often have to be divided or concealed in food, 

which raises the chance of inaccurate dosing or refusal 

by the animal.  SSE has  been studied for  producing 

tailored chewable  veterinary dosage forms,  showing 

the scope for individualized dose and palatability in 

animal medicine [45].

Cancer Surgery and Clinical Planning:

Apart from dosage forms, 3D printing is used clinically 

in surgical planning, including cancer surgery. Patient-

specific  anatomical  models  and  printed  guides  help 

clinicians picture complicated anatomy, prepare pro-

cedures and educate patients [18].

3D-PRINTING CENTRES IN INDIA AND THEIR 

FACILITIES  RELEVANT  TO 

PHARMACEUTICAL RESEARCH:

Dr. Rajendra Gode College of Pharmacy, Malka-

pur, Maharashtra. The Centre of Excellence in 3D 

Printing at Dr. Rajendra Gode College of Pharmacy, 

Malkapur, was established in association with ThInCr 

Technologies India Pvt. Ltd. The centre reports access 

to fused deposition modelling (FDM), stereolithogra-

phy (SLA), semi-solid extrusion (SSE), and hot-melt 

extrusion (HME). Its stated facilities include computer-

aided design (CAD) tools, printing with different ma-

terials, hands-on training, live demonstrations, project 

guidance,  and  consultancy  for  3D  modelling  and 

printing. The centre identifies pharmaceutical model 

development  and  customised  drug-delivery  systems 

among its application areas. These facilities may sup-

port learning and early-stage research in pharmaceuti-

cal  3D printing;  the  availability  of  a  specific  drug-

containing dosage-form workflow should be confirmed 

with the institution [46].

Chitkara  University,  Punjab. The  Pharmaceutics 

Research  Laboratory  at  Chitkara  University  reports 

research on the formulation, development, evaluation, 

and optimization of advanced drug-delivery systems. 

The laboratory lists  dosage-form development  using 

technologies such as 3D printing, microneedles, and 

spray drying. Its stated equipment includes Franz dif-

fusion cells, a high-shear homogeniser, a probe soni-

cator,  a  double-compression  tablet  machine,  a 

disintegrator, and a rheometer. These facilities support 

pharmaceutical  formulation  and  characterisation 

work, while the university identifies 3D printing as one 

of  its  approaches  to  dosage-form development.  The 

public description does not specify the printer models 

or confirm that external users can access the equipment 
[47].

National Institute of Pharmaceutical Education and 

Research (NIPER), Kolkata, West Bengal. NIPER 
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Kolkata's Department of Pharmaceutics describes re-

search  into  pharmaceutical  product  development, 

nanoparticulate  drug-delivery  systems,  polymeric 

amorphous dispersions, and the development of reli-

able three-dimensional in-vitro models for drug devel-

opment  using  3D  bioprinting.  The  department  also 

identifies research into pharmaceutical manufacturing 

and process control, medical-device development, and 

analytical services for small-scale pharmaceutical in-

dustries. The institute's published research information 

additionally lists  3D bioprinting and electrospinning 

under medical-device-related research. These activities 

make the institute relevant to bioprinting-based drug-

development models and interdisciplinary pharmaceu-

tical research; the available information does not es-

tablish that the department provides routine 3D printing 

of oral tablets [48,49].

Sathyabama Institute of Science and Technology, 

Chennai, Tamil Nadu. The institute's Makerspace is 

identified as a Centre of Excellence for Additive Man-

ufacturing.  Its  documented  infrastructure  includes 

fused-deposition-modelling printers, a PolyJet printer, 

a design laboratory with 3D modelling and simulation 

software, scanners, a chemical-processing laboratory, a 

material-testing  laboratory,  and  a  tissue-engineering 

laboratory.  The  material-testing  facilities  include  a 

universal testing machine, a contact-angle measuring 

system,  and  a  UV–visible  spectrophotometer.  The 

tissue-engineering  laboratory  supports  research  in-

volving bone, cartilage, and skin engineering, as well 

as drug delivery from 3D scaffolds and cytotoxicity 

testing  of  materials.  These  facilities  are  relevant  to 

printed biomedical structures and scaffold-based drug-

delivery research, but the institution's general additive-

manufacturing infrastructure should not be interpreted 

as proof of a dedicated pharmaceutical-tablet  manu-

facturing service [50].

CONCLUSION:

3D printing has become a promising additive-manu-

facturing  approach  for  developing  pharmaceutical 

dosage forms. Its greatest strength is that dose, geom-

etry, composition and release behaviour can be con-

trolled through the digital design, which opens the way 

to  personalized,  patient-centred  treatment.  Binder 

jetting, FDM, SSE, MED, SLA and DLP give different 

processing options depending on the API, the polymers 

and the dosage form wanted. Polymers and supporting 

excipients are fundamental to printability, mechanical 

integrity and drug release, and evaluation has to cover 

both the usual tablet  attributes and those specific to 

additive manufacturing, such as structural fidelity and 

layer adhesion.

The technology has shown potential in preclinical re-

search, personalized medicine, paediatric and geriatric 

therapy, veterinary formulations and clinical or surgi-

cal uses. Before it  can be widely adopted, however, 

limits  in  materials,  drug  stability,  equipment  cost, 

scalability, reproducibility, quality control and regula-

tion must  be resolved.  Further  progress  in  printable 

pharmaceutical  materials,  standardized  evaluation, 

process control, digital quality systems and QbD-based 

regulatory  strategies  could  help  move  3D-printed 

dosage forms from the laboratory into everyday phar-

maceutical and clinical practice.
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