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            Introduction 
 Three-dimensional (3D) printing, which is also known as 

additive manufacturing, solid freeform fabrication, or rapid 

prototyping, is a layer-by-layer fabrication method for cre-

ating structures directly from computer-aided design (CAD) 

fi les. In 3D printing techniques, a 3D CAD model is fi rst con-

verted into a standard tessellation language (.STL) fi le for-

mat and then sliced in a virtual environment to create stacked 

two-dimensional (2D) sections along the height. A 3D printer 

builds each 2D layer based on the slice-fi le information, starting 

from the base and continuing to build layer-by-layer on top of 

previously built layers until the fi nal product is printed. 

 Three-dimensional printing fi rst emerged in 1986 through 

a stereolithography (SLA) technique devised by Hull.  1   In 1991, 

Stratasys  2   and Helisys  3   commercially introduced fused depo-

sition modeling (FDM) and laminated object manufacturing, 

respectively. Later, in 1992, DTM Corporation introduced a 

selective laser sintering (SLS) machine.  4   Sachs et al. invented 

inkjet 3D printing on a powder bed and patented this method 

in 1993.  5   Over the past 25 years, 3D printing has seen several 

commercial implementations, but the FDM-based concept 

still leads the world in terms of purchased machines, broader 

utilization, and applications. Some other techniques have 

recently found commercial success for the fabrication of 

soft materials, such as multijet fusion by HP and large-area 

maskless photopolymerization (LAMP) by DDM Systems 

(Atlanta, Ga). 

 Three-dimensional printing of biomaterials has become an 

area of intense research (see the February 2015 issue of the 

MRS Bulletin  devoted to this topic). It offers the chance to fab-

ricate parts with complex geometries for fl exible biomedical 

devices tailored to a patient’s specifi c needs while avoiding 

multistep processing approaches. Over the past two decades, 

the use of 3D-printed biomaterials for tissue-engineering (TE) 

applications has offered signifi cant advantages by employing 

a large variety of materials for the printing of one-of-a-kind 

structures. Also, incorporation of living cells during process-

ing adds another advantage over other scaffold fabrication 

approaches.   

 3D printing technologies for biomaterials and 
soft materials 
 This section summarizes some of the key 3D printing technol-

ogies and their applications in biomaterials and soft materials 

(see   Table I  ).  6–28 

 Stereolithography 
 SLA, the fi rst commercially available 3D printing process, 

involves selective laser curing of photopolymers based on the 

slice-fi le information from a CAD model.  29   In exposed areas, 
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the polymer cures and solidifi es as a result of cross-linking, 

but it remains liquid at unexposed sites (  Figure 1  a). This 

process is still very popular for soft materials, and inclusion of 

hard materials, mainly ceramic structures, is allowed through 

the use of particle-loaded photopolymers as in the LAMP pro-

cess. The main application of SLA in the fi eld of biomaterials 

is scaffolds for TE.  31   –   33   However, the fact that only a few bio-

compatible polymers are stable under exposure to laser light 

has become one of the major limitations for broad application 

of SLA in TE.     

 Poly(propylene fumarate) (PPF), a biodegradable poly-

mer, has been widely used in bone TE because of its biocom-

patibility, injectability, and good mechanical properties. 

PPF is generally processed by SLA, using diethyl fumarate 

(DEF) as the solvent and bis(acyl)

phosphine oxide as the photoinitiator. 

To achieve the desired structure, dif-

ferent parameters, such as solution vis-

cosity, laser speed, and power, must be 

optimized.  6 

 Localized delivery of drugs is anoth-

er important application for biomedical 

engineering. Drugs can be incorporated 

into 3D structures and released in a con-

trolled manner to increase the effi ciency 

of treatment and decrease side effects 

involving other tissues. For example, 

Lee et al. embedded bone morphogenetic 

protein-2 (BMP-2), a protein with a stim-

ulating effect for new bone formation 

in vitro  and  in vivo , in poly( D , L -lactic-

co -glycolic acid) (PLGA) microspheres 

suspended in a PPF/DEF photopolymer. 

They then used 3D printing via SLA to 

create a scaffold that enabled the grad-

ual release of BMP-2. These 3D-printed 

scaffolds enhanced new bone formation 

in vivo  compared to scaffolds made by 

the traditional particulate leaching/gas-

foaming method.  7 

 Chitosan, a natural polymer, is also 

used in medical applications because of 

its biodegradability and biocompatibility 

and is a good candidate for orthopedic 

applications involving cartilage and bone 

TE. To process chitosan using SLA, 

Irgacure 2959, a photoinitiator composed 

of unsaturated monomers and prepoly-

mers, and poly(ethylene glycol) diacry-

late were added to the polymer solution 

to enhance its photosensitivity.  8 , 9   The 

fabricated scaffolds exhibited  in vitro

cytocompatibility in the presence of 

fi broblast cells and enhanced bone tis-

sue growth  in vivo .  9 

 Recently, custom-designed projection stereolithography 

(PSL) was introduced for the fabrication of multiple bio-

materials for TE applications.  10   In PSL, instead of the 

scanned laser used in SLA, a digital light-processing chip 

is used to create photomasks from a CAD fi le to produce 

2D slices based on 3D structures. Collagen-based gelatin 

methacrylate (GelMA) hydrogels were successfully pro-

cessed by PSL, with methacrylamide enabling photopoly-

merization of the hydrogel. GelMA hydrogels of different 

structures (e.g., hexagonal and woodpile) with precisely 

controlled pore sizes were fabricated to support adhesion 

and proliferation of human umbilical vein endothelial cells 

(HUVECs), confi rming the functionality of hydrogels in TE 

applications.  10 

 Table I.      Three-dimensional printing of biomaterials and soft materials. *   

 Composition    3DP Process(es)  Application  Reference(s)   

PPF/DEF  SLA Bone tissue engineering 6 

PLGA-embedded PPF/DEF SLA Drug delivery 7 

Chitosan SLA Bone tissue engineering 8, 9 

Hydrogels (GelMA) SLA Tissue engineering 10 

PCL FDM, SLS, SLA Tissue engineering 11–14 

PLA FDM Tissue engineering 12 

PLGA FDM Bone tissue engineering 15 

Hydroxyl-functionalized PCL Ink writing Tissue engineering 16 

TCP Ink writing Bone tissue engineering 17 

HA/PDLLA SLA Bone tissue engineering 8 

HA in PPF/DEF SLA Bone tissue engineering 9 

Bioglass/PCL SLA, FDM Tissue engineering 10, 12 

PEGT/PBT FDM Cartilage tissue engineering 15 

β -TCP/PLGA FDM Bone tissue engineering 18 

TCP/PP FDM Tissue engineering 19 

HA/PEEK SLS Tissue engineering 20 

PLLA and PHBV SLS Tissue engineering 21 

HA/PVA SLS soft tissue engineering 22 

TCP/collagen Bioplotting Tissue engineering 23 

Collagen/alginate/silica/HA Bioplotting Hard tissue engineering 24 

Alginate and gelation Bioplotting Pancreas tissue engineering 25 

PLLA/PLGA LAB Liver tissue engineering 26 

MSC-embedded alginate/hydrogel Bioprinting Tissue engineering 27 

Sodium alginate/HA Bioprinting Tissue engineering 28  

    *  Acronyms: 3DP, three-dimensional printing; DEF, diethyl fumarate; FDM, fused deposition melting; 
HA, hydroxyapatite; LAB, laser-assisted bioprinting; MSC, multipotent stromal cell; PBT, poly(butylene 
terephthalate); PCL, poly( ε -caprolactone); PDLLA, poly( D , L -lactic acid); PEEK, poly(ether ether 
ketone); PEGT, poly(ethylene glycol terephthalate); PHBV, poly(hydroxybutyrate- co -hydroxyvalerate); 
PLA, poly(lactic acid); PLGA, poly( D , L -lactic- co -glycolic acid); PP, polypropylene; PPF, poly(propylene 
fumarate); PVA, poly(vinyl alcohol); SLA, stereolithography; SLS, selective laser sintering; ( β -)TCP, 
( β -)tricalcium phosphate.    
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 In addition to soft biomaterials, hard biomaterials such as 

ceramics and ceramic/polymer composites have also been 

fabricated using SLA. Hydroxyapatite (HA) nanopowders 

embedded in poly( D , L -lactide) oligomers were processed for 

bone TE 34  using ethyl-2,4,6-trimethylbenzoylphenyl phos-

phinate and  N -methyl-2-pyrrolidone as the photoinitiator and 

diluent, respectively. Small amounts of tocopherol inhibitor 

and Orange Orasol G dye were also added to prevent prema-

ture polymerization and to set the requisite light penetration 

depth, respectively. The results showed that the amounts of 

HA nanoparticles and diluents had signifi cant effects on the 

viscosity of the resins. In addition, the modulus of elasticity 

of the composites increased with increasing 

concentration of HA nanoparticles.  34   Three-

dimensional composites containing 7% HA 

nanoparticles in 70:30 PPF/DEF were found 

to be suitable for SLA processing and to result 

in enhanced bone-cell attachment and pro-

liferation ( Figure 1b–e ).  30   SLA-printed bio-

degradable and bioactive glass/methacrylated 

poly( ε -caprolactone) (PCL) composite has 

also shown potential in regenerative medicine, 

because of an increased deposition of calcium 

phosphate and an enhanced metabolic activity 

of fi broblast cells.  35 

 Fused deposition modeling 
 Similar to SLA, FDM was originally used to 

fabricate 3D polymeric structures. In the FDM 

process, a thermoplastic polymer fi lament pass-

es through a heated liquefi er and is then extrud-

ed through a nozzle. The extrusion head moves 

along the  x  and  y  axes to deposit material.  36   The 

method was later modifi ed to fabricate ceramic 

and ceramic/polymer composites, in a process 

termed fused deposition of ceramics.  37 

 Numerous polymeric structures have been 

processed using FDM; however, only a few 

of them are biocompatible or can be directly 

used in biomedical applications, such as acry-

lonitrile butadiene styrene (ABS), which can 

be sterilized with  γ -radiation or ethylene oxide 

treatment.  38   PCL is one of the most studied 

biopolymers for use in FDM. For example, 

Zein et al. produced 3D PCL structures with 

a variety of channel sizes, fi lament diameters, 

and porosities and found a signifi cant correla-

tion between compressive strength and poros-

ity.  11   Korpela et al. processed poly(lactic acid) 

(PLA), PCL, PCL/bioactive glass, and poly( L -

lactide- co - ε -caprolactone) (PLC) copolymer 

using FDM. Processing of both PCL and PLA 

was simple; however, the addition of bioac-

tive glass increased the viscosity of PCL, and 

the FDM of PLC was interrupted frequently 

because of high viscosity and fi lament buckling. All composi-

tions supported cell attachment and proliferation, but fi broblast 

proliferation was the highest for PLA scaffolds.  12 

 Three-dimensional poly(ethylene glycol terephthalate)/

poly(butylene terephthalate) block copolymer scaffolds with 

varying porosities and pore sizes were also successfully produced 

for cartilage TE. The deposited scaffolds supported chondrocyte 

attachment and distribution and encouraged the deposition of 

articular cartilage extracellular matrix in a nude mouse model.  15 

 FDM has been used directly and indirectly to make scaffolds 

for bone TE applications.  39   –   41   Alumina 3D-printed scaffolds 

have been processed by FDM to support attachment and 

  

 Figure 1.      (a) Schematic of a stereolithography system.  6   (b–c) Scanning electron microscope 

images of a poly(propylene fumarate)/diethyl fumarate–hydroxyapatite (PPF/DEF–HA) 

scaffold processed by microstereolithography and of (d–e) pre-osteoblast cells in a PPF/DEF–

HA scaffold.  30   (a) Reproduced with permission from Reference 6. © 2007 American 

Chemical Society. (b–e) Reproduced with permission from Reference 30. © 2009 Elsevier.    
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proliferation of human osteoblast cells.  42 , 43   FDM-processed 

PLGA is another promising material for bone TE applica-

tions because of its interaction with the L-929 fi broblast cell 

line and increased bone formation in an  in vivo  rabbit tibia 

model.  44   PLGA/ β -tricalcium phosphate ( β -TCP) composites 

with simple and complex structures were processed by FDM 

and coated with HA. After 12 weeks postimplantation, with 

or without HA coating, samples were biocompatible and sup-

ported bone deposition.  18   Complex TCP/polypropylene (PP) 

microstructures (see   Figure 2  a) have been investigated for 

bone TE applications because their mechanical properties are 

similar to those of cancellous bone, the spongy inner part of 

bone, and because they have the ability to support attachment 

and proliferation of human osteoblast cells.  19 

 Selective laser sintering 
 SLS uses a powder bed in which each layer is built by sin-

tering using a laser directed by a CAD model. This tech-

nique is commonly used for manufacturing both metallic 

and nonmetallic parts. Common nonmetallic biomaterials 

include ceramics such as TCP, HA, alumina, and zirconia and 

polymers such as PCL, PP, poly(ether ether ketone) (PEEK), 

and polyamide 12. PCL scaffolds,  13   scaffolds made of PEEK/

HA biocomposite blends,  20   and interconnected porous scaf-

folds using calcium phosphates and polymers such as PLA 

and poly(hydroxybutyrate- co -hydroxyvalerate) (PHBV) (see 

 Figure 2b )  21   have been fabricated using SLS for TE-related 

applications. Recent advances in SLS have allowed the produc-

tion of scaffolds for craniofacial and joint defect applications, 

as well as for the fabrication of low-stiffness porous scaffolds 

for soft-tissue applications such as cardiac tissues using PCL 

and poly(vinyl alcohol) (PVA) with HA.  14 , 22 , 46 

 Bioplotting/3D plotting 
 Bioplotting is an extrusion-based 3D dispensing technique 

that uses a pressure-controlled dispenser that can be moved 

in three dimensions to fabricate materials layer by layer on 

an aqueous medium, thus achieving buoyancy compensation 

without a support structure.  47   Bioplotting can be employed 

for a wide range of materials, mainly in the form of hydro-

gels, which facilitates the fabrication of complex internal sub-

structures. The main advantage of this technique is its use of 

natural polymers, such as chitosan, alginate, and collagen, 

as fabrication materials. Other biomaterials commonly used 

  

 Figure 2.      (a) Fused deposition modeling-processed porous tricalcium phosphate/polypropylene scaffolds with (1) complex and (2,3) 

gradient-controlled porosity.  19   (b) Scaffolds produced by selective laser sintering: (1) poly(hydroxybutyrate- co -hydroxyvalerate) (PHBV), 

(2) calcium phosphate/PHBV, (3) poly( L -lactic acid) (PLLA), (4) carbonated hydroxyapatite/PLLA.  21   (c) Bioplotted collagen/alignate/silica 

scaffold.  24   (d) 3D-printed hydroxyapatite scaffolds fabricated using direct ink writing.  16   (e) 3D-printed bionic ear.  45   (a) Reproduced with 

permission from Reference 19. © 2003 Elsevier. (b) Reproduced with permission from Reference 21. © 2010 Elsevier. (c) Reproduced with 

permission from Reference 24. © 2014 Royal Society of Chemistry. (d) Reproduced with permission from Reference 16. © 2007 Wiley. 

(e) Reproduced with permission from Reference 45. © 2013 American Chemical Society.    
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for this process include polymers such as PCL, PVA, and 

poly( L -lactic acid) (PLLA) and ceramics such as HA, TCP, 

bioglass, and their composites. 

 Haberstroh et al. demonstrated the bioplotting of compos-

ite scaffolds made of collagen-treated TCP, TCP/chitosan/

collagen hydrogel, and PLGA for ovine critical-sized calvarial 

defects.  23   Fabrication of collagen/alginate/silica composite 

scaffolds (see  Figure 2c ) using a low-temperature bioplotting 

process for hard-tissue regeneration  24   and of 3D hydrogel 

scaffolds composed of alginate and gelatin for application in 

pancreas TE 25  has also been achieved. Thus, scaffolds fabri-

cated using 3D bioplotting can incorporate living cells and 

facilitate the growth of tissues. Efforts are being made to 

improve the process and make it more widely applicable in 

TE. For example, Kim et al. modifi ed a 3D bioplotting system 

by introducing a piezoelectric transducer that generated vibra-

tions while fabricating PCL scaffolds, resulting in a rougher 

surface fi nish for improved cell attachment.  48 

 Direct ink writing 
 Direct ink writing or direct write assembly is a broad term 

describing fabrication methods that use computer-aided pro-

grams to print 3D structures using a nozzle to form droplets 

on a powder bed. Specifi cally, this process is similar to binder 

jetting, which selectively deposits powder material using a 

liquid bonding agent. A variety of materials, including HA 

(see  Figure 2d   16  ), TCP, PCL, and many other polymers, can 

be processed using this method.  17 , 26 , 27 , 49   This process controls 

the composition of printed parts by using predetermined 

volumes of the appropriate binder, thus resulting in patterned 

parts with the desired densities and uniformities. Therefore, 

with direct ink writing, complex structures can be printed with 

programmed porosities, as seen in   Figure 3  a–c.  17 , 26 , 49 , 50 

 Calcium phosphate scaffolds for early-stage osteogenesis 

have been fabricated using this process  26   (see  Figure 3d–f ). 

Hydroxyl-functionalized PCL structures for TE applications  27 

and 3D-printed mesoporous bioactive glass scaffolds with 

improved mechanical properties and controlled pore architec-

ture for bone regeneration applications  28   have also been reported. 

Although direct ink writing allows the fabrication of complex 

parts with designed porosities and interconnected porous struc-

tures, the diffi culty of selecting the appropriate binder during 

processing and the inability to print porous structures with pore 

sizes smaller than 300 µm are major drawbacks of this tech-

nique. Additional post-processing techniques might also be 

required, such as sintering, which could lead to part shrinkage, 

thus illustrating the need for process optimization.   

 Laser-assisted bioprinting 
 Laser-assisted bioprinting (LAB) is a fabrication process 

for hydrogel structures that affords the direct incorporation 

of cells. In LAB, a laser pulse is used to control the deposi-

tion of material onto transparent quartz disks, called ribbons. 

A wide variety of materials such as HA; PLA; PCL; zirconia; 

and hydrogels with incorporated living cells such as human 

osteoblast cells, human umbilical vein smooth cells, and mul-

tipotent stromal cells (MSCs) (an example of which can be seen 

in  Figure 2e )  45   can be fabricated. Material processing at ambi-

ent temperatures and direct incorporation of cells with a homo-

geneous distribution are two of the main advantages of LAB. 

Low mechanical stiffness and the requirement for homogeneous 

ribbons are potential disadvantages of this process. 3D-printed 

PLLA/PLGA scaffolds with a mixture of hepatocytes and endo-

thelial cells have been investigated for organogenesis of liver tis-

sue.  51   Also, high cell viability was observed for MSCs embedded 

in a printed alginate/hydrogel composite, demonstrating extracel-

lular matrix formation both  in vitro  and  in vivo .  53   Guillemot et al. 

reported the fabrication of sodium alginate/HA composites with 

human endothelial cells for TE applications using high-throughput 

laser bioprinting.  54   HUVECs embedded in glycerol/sodium algi-

nate solution at various viscosities and cell densities were pro-

duced using LAB for tissue fabrication.  52 , 54 

 Current challenges and future directions 
 Three-dimensional printing offers various advantages in the fab-

rication of biomaterials and has become a versatile and popular 

manufacturing tool for applications involving soft materials. 

However, different 3D printing techniques have certain advan-

tages and drawbacks, and a good understanding of each process 

is needed before selection for a specifi c application. For 3D print-

ing of biomaterials, a sterile fabrication environment is a major 

issue for some processes. Maintaining cell viability and printing 

complex 3D parts adds an extra set of challenges that is still 

being researched. Finally, part accuracy and reproducibility 

are continuing issues with most 3D printers.  55 

 The fi eld of soft-material 3D printing is quite advanced. 

Large FDM-based printers that can print objects as substan-

tial as cars are now commercially available. However, surface 

fi nish can be an issue for large parts, for which slice thickness 

is usually kept large to reduce the build time. 

 Future directions for 3D printing lie with multimaterial and 

gradient parts that cannot be created using conventional manu-

facturing. Three-dimensional printing offers designers capabili-

ties that were not previously available. Therefore, full utilization 

of 3D printing will come when parts are designed specifi cally 

to capitalize on the strengths of the technique and not merely 

because they are not easily fabricated using conventional tools. 

The addition of polymers with ceramics to aid in drug deliv-

ery, variation in composition to tailor cell-materials interac-

tions, and mechancical properties are some of the concept that 

will evolve as the next-generation 3D printed scaffolds.  56 , 57 

Simultaneous deposition of multiple materials offering unique 

properties and functionalities will lead to a manufacturing 

revolution in the coming years with the help of 3D printing.     
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