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There are more than 2 million bone grafting procedures performed annually in the US alone. Despite sig-

nificant efforts, the repair of large segmental bone defects is a substantial clinical challenge which

requires bone substitute materials or a bone graft. The available biomaterials lack the adequate mechani-

cal strength to withstand the static and dynamic loads while maintaining sufficient porosity to facilitate

cell in-growth and vascularization during bone tissue regeneration. A wide range of advanced biomaterials

are being currently designed to mimic the physical as well as the chemical composition of a bone by

forming polymer blends, polymer–ceramic and polymer–degradable metal composites. Transforming

these novel biomaterials into porous and load-bearing structures via three-dimensional printing (3DP) has

emerged as a popular manufacturing technique to develop engineered bone grafts. 3DP has been

adopted as a versatile tool to design and develop bone grafts that satisfy porosity and mechanical require-

ments while having the ability to form grafts of varied shapes and sizes to meet the physiological require-

ments. In addition to providing surfaces for cell attachment and eventual bone formation, these bone

grafts also have to provide physical support during the repair process. Hence, the mechanical compe-

tence of the 3D-printed scaffold plays a key role in the success of the implant. In this review, we present

various recent strategies that have been utilized to design and develop robust biomaterials that can be

deployed for 3D-printing bone substitutes. The article also reviews some of the practical, theoretical and

biological considerations adopted in the 3D-structure design and development for bone tissue

engineering.

1. Introduction

Bone is an anisotropic load-bearing tissue with an irregular
geometry having varied mechanical properties through the
longitudinal and radial directions. There are 206 bones in the
human body and the mechanical properties of each bone
depend on its location and age.1,2 Bone tissue can repair itself
post fracture under a normal injury. Its natural regenerative
capacity is sufficient to allow for the healing of small-size
defects like cracks, fractures and bone loss below a critical size
threshold.3 However, in complicated large segmental bone
defects (which may arise due to tumor, surgical removal of
cancerous tissue, accidents/trauma), there is an inherent delay
in healing, leading to permanent defects in the shape and size
of a bone.4,5 Currently, autologous/allogeneic bone grafts and
bone fixation plates are the gold-standard for the treatment of
such large-size defects. However, these treatment modalities
are associated with several limitations such as unavailability of
donor bone, risk of infection, and mismatch with the defect-
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site bone geometry.5–7 These drawbacks have motivated
researchers to develop three-dimensional (3D) porous bioma-
terial structures, referred to as scaffolds, to potentially
promote bone regeneration.

A scaffold is used as a bone substitute at a defect site, with
or without bone-specific growth factors and (or) cells to aid in
tissue repair and regeneration.8,9 Engineered scaffold struc-
tures are expected to mimic the native extracellular matrix
(ECM) structure, load-bearing function and/or the chemistry of
a natural ECM to facilitate cell attachment, proliferation, and
osteogenic differentiation. Based on the materials being used,
these scaffolds are categorised as natural and synthetic
scaffolds. Demineralized bone matrices such as collagen
sponges, cellular scaffolds, natural polymers, and corals are
categorised under natural scaffolds, and have already shown
their efficacy in clinical trials. For instance, absorbable col-
lagen sponge scaffold loaded with recombinant human bone
morphogenetic protein-2 (rhBMP-2) was used for treatment of
open tibia fractures.10 This scaffold was supported with intra-
medullary nailing. After a follow-up for 12 months, the
rhBMP-2-loaded collagen scaffold showed accelerated wound
healing, a substantial reduction in hardware failures and fewer
infections as compared with the control patients. Even though
biological scaffolds work well in terms of bone formation/
regeneration, with very few reports of infections such as
inflammation and hardware failure, the lack of mechanical
strength is the primary reason for their ineffectiveness as a
stand-alone natural scaffold for load-bearing tissues. As a
result of the aforementioned reasons, synthetic scaffolds
supersede the natural scaffolds in terms of improved bone for-
mation with reduced reports of complications. These synthetic
polymer-based scaffolds potentially eliminate the use of exter-

nal supporting structures during bone healing. Synthetic poly-
mers, porous metals, bio glasses and calcium phosphate (CaP)
ceramics form the basis of synthetic scaffolds.

Since the invention of CaP cements in 1986 by Chow and
Brown, they have been used as a synthetic bone substitute for
treatment of bone loss, wherein the paste of CaP cement is
formed to fit the contour of the lost bone.11 The CaP ceramic
gets resorbed and replaced with the newly formed bone.
However, it is limited to non-load bearing application due to its
intrinsic brittle nature. CaP-based ceramic scaffolds have been
clinically applied to many bone defect treatments. Among
hydroxyapatite (HA) and β-TCP, the most ideal CaP-based bone
substitute is the porous HA scaffold combined with collagen. It
has shown the highest grade of new bone formation as com-
pared with solo β-TCP scaffold, with no complications reported,
in a pilot study of 25 patients.12 Even though the formation of
new bone was substantially greater in synthetic scaffolds than
those of a natural scaffold, all these scaffolds lacked sufficient
mechanical strength, and external fixation was used to provide
mechanical stability. These results have compelled the research
community to further investigate existing materials to modify
their physical and chemical properties and process them into a
highly interconnected porous structure to achieve hybrid bio-
degradable synthetic scaffolds. One of the strategies for enhan-
cing the mechanical properties of the available biomaterials is
through reinforcement with ceramics, which provides strength
as well as osteoconductive properties. Medical-grade
PEEK-OPTIMA, a non-biodegradable composite biomaterial,
has been developed by Invibio (https://www.invibio.com) to
meet multiple clinical applications such as spinal cage fusion,
total joint replacement, and craniomaxillofacial reconstruc-
tion.13 It has been approved by the Food and Drug
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Administration (FDA), USA, for clinical use. PEEK has been
used in recent years with much attention directed towards
engineering biodegradable biomaterials. The substitution of a
non-biodegradable metallic implant with degradable porous
biomaterial scaffolds is an urgent and unmet clinical need for
the repair and regeneration of fractured or lost bone.

Degradable biomaterials for scaffold fabrication include:
polymers (e.g. naturally derived polymers such as collagen,
gelatin, chitosan, hyaluronic acid, fibrin glue,1,14 and synthetic
polymers such as aliphatic polyester, polyethylene glycol15,16),
bioceramics (e.g. calcium phosphate17,18 and bio-active
glasses19,20), other hybrid materials (combination of biocera-
mics and polymers)16,21 and, more recently, degradable metals
and metal alloys such as magnesium (Mg) and their
alloys.15,22,23 Table 1 gives a brief overview of different bioma-
terials used for bone scaffold preparation.

The selection of suitable biomaterials for bone tissue engin-
eering (TE) is very critical as opposed to other systems such as
the case of direct cell delivery without scaffolds, where a bio-

compatible environment is the only concern. The scaffolds
engineered for bone TE not only act as structural conduits for
the bones to regenerate, but also provide sufficient mechanical
support for load bearing. For example, the biomaterials for
orthopaedic or dental applications should possess high
mechanical stiffness to resist the physiological mechanical
environment at the desired implantation site and a prolonged
biodegradation rate to provide sufficient structural integrity
until the newly grown tissue has replaced the scaffold’s sup-
porting function. As reported by Gregor et al.,24 the Young’s
modulus of pristine PLA scaffolds was 29 MPa and 45 MPa for
two different pore structures. These values are much lower
than the elastic modulus of bone, which ranges from 1–20
GPa.25 The mechanical strength of the scaffold also affects the
mechanotransduction properties of the adherent bone cells,
which is directly associated with the osteoinductive property of
the materials.26 In addition, the scaffold should not induce a
stress-shielding effect and the elastic property of these
scaffolds should not exceed the elasticity of natural bone in
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Table 1 Comparison of different biomaterials used for bone tissue engineering (BTE)

Materials Examples Advantages Disadvantages Ref.

Polymers Polyglycolic acid (PGA) and its
copolymer, polyetheretherketone
(PEEK) and poly-L-lactic acid (PLLA)

Easy to prepare, biocompatible,
bioresorbable and biodegradable

Low material strength,
unsuitable for human cortical
bone tissue engineering
scaffolds

125,
127 and
242

Bioceramics 13–93 bioactive glass (BG),
hydroxyapatite (HA) and tricalcium
phosphate (TCP)

Biocompatible, corrosion-free and
high-strength materials

Difficult to process 17, 126
and 134

Composites Fe + CaSiO3 and CSi-BG, PEEK blended
with PGA, PLGA-CNTs

Excellent material strength suitable
for bone tissue repair, corrosion
resistant and good cytocompatibility

Interface bonding issue and
difficult to process

20, 36,
129 and
135

Degradable
metals and
metal-alloys

Magnesium (Mg) and Mg-alloys, zinc
and Fe

Superior corrosion resistance, easy to
sterilize and high strength to weight
ratio

High elastic modulus and
corrosive properties

22, 98
and 204
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order to maintain proper mechanical stimulation in peri-
scaffold bone.27 An ideal 3D bone scaffold should possess a
porosity in the range of 60–90% with pore diameter >150 µm
and the compressive strength ranging from 100–150 MPa.1,28

The construction of such a hierarchical structure (cortical
bone-cancellous, bone-medullary canal) with bone-like com-
ponents was a challenging task until the introduction of addi-
tive manufacturing (AM) or rapid prototyping (RP) technology.
The introduction of AM or RP techniques could assist the fab-
rication of the components with complex internal geometry
with controlled shape and porosity via computer-controlled
layer-by-layer deposition of a computer-aided design (CAD)
model. With the breakthroughs in biomaterials and AM tech-
niques, printing of patient-specific tissues or organ com-
ponents has now become a realistic choice.29–31 This has been
possible because the medical imaging modalities can be used
to generate a volume data set of anatomical parts of the
patient, which is then processed via volume rendering and
modelling techniques to create patient-specific CAD models.
The CAD model is then tessellated and sliced using AM soft-
ware and eventually 3D printed using rapid prototyping tech-
niques. This approach of 3D printing has become the hotspot
in tissue engineering scaffold preparation.27,32

This review aims to provide the readers with the most recent
trends in the advancements of 3D printing technology using
advanced materials for developing scaffolds used in bone tissue
engineering. The review discusses some of the theoretical, bio-
logical and experimental considerations for the development of
mechanically competent structures/scaffolds from biomaterials
through 3D printing technologies. It also provides a holistic
picture of the existing hurdles, and expert opinion on the strat-
egies to overcome the current limitations to realize further the
clinical potential of these recently developed scaffolds.

2. Bone defect repair strategies

Bone is one of the most commonly transplanted tissues after
blood, with over two million bone grafting procedures being
performed worldwide annually.11 These include treatment of
segmental and non-segmental long bone defects, and craniofa-
cial and maxillofacial bone defects. Segmental defects are long
bone defects with no contact ends and non-segmental are
defects with partial contacts between the bone ends (Fig. 1A
and B).33 Craniomaxillofacial bone defects are characterized as
defects in the skull or jaw region (Fig. 1C and D). The gold
standard for the treatment of such defects remains the use of
bone graft implants, surgically stabilized by fixation plates
(Fig. 1A, C and D) or internally stabilized through insertion of
a rod inside the marrow cavity which is later removed upon
new bone ingrowth (Fig. 1B). Such fixation strategies are typi-
cally used to hold the graft in place/provide graft stability and
time-zero strength, especially in the areas with load-bearing
requirements.

Unlike other soft tissues, bone is a mechanically challen-
ging tissue that requires physical support and mechanical
stimulus during the repair process.34 Additionally, craniomax-
illofacial bone defects typically have complex geometrical
requirements. In order to satisfy the mechanical requirements,
bone grafts/substitutes need to be mechanically competent
(mechanically strong/stiff ) to be suitable to experience the sur-
rounding environment and match the mechanical properties
of bone.28 For this purpose, advanced biomaterials and 3D
printing methods have been developed and employed.
Polymers, most commonly used for bone tissue engineering
(BTE), have been combined with ceramics (such as hydroxy-
apatite, tricalcium phosphate), carbon nanotubes, and degrad-
able/porous metals (such as magnesium) for the fabrication of
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mechanically reinforced and competent structures.35–38 These
strategies are further expanded upon in the following sections.

Additionally, studies have indicated that the behaviour of
mesenchymal stem cells (MSCs) can be controlled based on
biomaterial structural cues/properties, such as surface topogra-
phy, porosity, chemistry, and material stiffness.39,40 Material
stiffness, in particular, has been suggested to be capable of
modulating stem cell differentiation into different
lineages.41–43 Soft substrates (0.1–1 kPa) tend to direct differen-
tiation towards neural cells, moderate stiffness substrates
(50–100 kPa) lead to chondrogenic differentiation, and stiffer
substrates (>100 kPa) offer osteogenic differentiation
(Fig. 1E).44 These studies indicate that the mechanical
stiffness of the substrate plays a role in stem cell fate determi-
nation. Therefore, material selection and fabrication technique
must take into consideration the mechanical environment that
the cell experiences, like biomaterial stiffness, at the local and
global scale, to get directed towards the osteogenic lineage.

3. Role of scaffold mechanics on the
mechanobiology of cells or tissue
morphogenesis

The influences of physical stimuli such as strain on cells have
been well documented in several in vitro and in vivo research
models. For instance, McCoy et al.45 demonstrated that
mechanical loading in a bioreactor during bone tissue culture
enhances the expression of bone morphogenic proteins, depo-
sition of calcium, changes in the extracellular environment,
cell shape, and interfibrillar spacing. Further, a scaffold
should also enable the transfer of stresses to the cells growing

on it. The cells should be able to sense the strain in the
scaffolds. Simmons et al.46 has demonstrated that cellular
behaviour is affected by the substrate that is pre-stressed as
compared with unstrained substrate. Mesenchymal stem cells
(MSCs) subjected to 3% strain on a flex cell produced 2.3
times the mineral deposition as compared with the unstrained
MSCs. Hence, the mechanical properties of base scaffold
materials are also presumed to influence the biological activi-
ties of cells, as they act as a microenvironment for the con-
tained cells. The scaffold should have the mechanical strength
to sustain the loading stimulus from the micro to macro scale,
provided during in vitro tissue development.

The mechanotransduction process begins right from the
nanoscale or molecular level by activating genes and signals in
cells. For example, the differentiation of MSCs into bone cells
(osteocytes, osteoblasts, and osteoclasts) aids in the bone
deposition and resorption process. At the macroscale, these
stimuli decide the mechanical properties of newly developed
bone tissue and its shape, as well as the magnitude of loads it
can withstand.46–48 The fluid flow through these scaffolds also
causes shear stress known as wall shear stress (WSS), which
again acts as a mechanical stimulus.49 Studies have revealed
that the fluid properties, such as velocity and viscosity, affect
the cell attachment and proliferation. For example, a scaffold
surface subjected to higher WSS under accelerated fluid flow
may damage cell attachment, while slow fluid flow may be not
sufficient to generate the mechanical stimuli that affect cell
proliferation and differentiation.50 The intrinsic minimum
mass transport characteristic of base materials owing to its
inherent micro porosity limits the diffusivity and permeability
through it. The WSS and strain rate on the scaffold is a func-
tion of scaffold microstructure such as pore size, its distri-
bution and pore interconnectivity. WSS of 0.1–10 MPa is
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favourable for bone cell differentiation, while 100 MPa is
reported to enhance the differentiation and proliferation of
osteoblasts within the scaffolds.51 Scaffolds with higher poro-
sity and pore interconnectivity favour fluid flow and vascula-
ture formation. For example, Gi Hoon Yang reported reason-
ably good outcomes of cell proliferation and differentiation on
PCL scaffold with a unique spiral-like strut design as com-
pared with the regular strut design.52 Highly permeable
scaffolds permit adequate nutrient and waste transport and
exchange for cellular function. The human trabecular bone
has a permeability of 1.5–12.1 × 10−9 m2, but the human proxi-
mal femur has a permeability of 0.01–4.7 × 10−9 m2 only.53

The permeability of scaffolds should be tailored to match the
native tissues. Once the scaffold material has been optimized
for its structural function, the bioactive agents are then incor-
porated on the surface to mimic the normal regenerative
environment found in vivo, to enhance further tissue regener-

ation. These bioactive agents are integrated via matrix protein,
immobilized signals and diffusible chemoattractive agents for
cell adhesion.54

4. Essential biological aspects of
biomaterials

Implantation of biomaterials often disrupts the anatomical
continuity of the tissue, thereby creating a wound followed by
bleeding. The blood at the wound site experiences first contact
with the implanted biomaterial’s surface. Blood consists of
water, salts, proteins, different kinds of cells and cell frag-
ments (platelets).55,56 Biological activities such as cell attach-
ment, proliferation, and differentiation at the tissue–implant
interface are primarily governed by the adsorbed proteins.57

Any change in the microenvironment, such as change in pH
and ionic strength, further alters the conformation of the
nearby proteins, thereby altering their functions. In due
process, the structural integrity of the proteins also gets
altered, after interaction with the solid surface of the biomater-
ials, and they lose some of their biological activity.56 It is
important to note that the proteins which have been deliber-
ately seeded on the biomaterials prior to implantation might
not be available for the cells post implantation, due to adsorp-
tion of blood protein after coming into contact with the
blood.55

In the case of bone scaffolds, wherein blood vessels will be
formed in the course of tissue regeneration, the formation of
blood clots must be avoided to prevent thrombosis, an event of
blocking blood flow through the blood vessels due to blood
clotting.55,58,59 For this purpose, surface modification of the
polymer biomaterials with an anticoagulant such as heparin is
an effective method, through the ionic or covalent addition
into the polymer chain, to avoid blood clotting.60–62

The wound-healing response of the body is immediately
triggered through wounding post implantation.63–65 This is fol-
lowed by a series of four overlapping phases that occurs at the
tissue–biomaterial interface. (a) Hemostasis: platelet cells in
the blood control bleeding by releasing clot-forming pro-
teins;66 these clots act as a gap filler in the provisional matrix
for the initiation of tissue repair. (b) Inflammation: the pro-
duction of cell signalling molecules (cytokines) is triggered
with clot formation, which in turn induces the recruitment of
inflammatory cells from the neighbouring blood stream.67 The
primary function of these cells is to digest any tissue debris as
well as biomaterials through a process known as phagocyto-
sis.68 (c) Proliferation/initial repair: the inflammatory cells at
the wound sites release growth factors, which initiates mitosis,
i.e. cell replication, thus the biomaterials are proliferated and
populated with cells that aid in the tissue repair.69 (d)
Remodelling: finally, the rapidly developed neotissue will be
further remodelled by cells into a functional tissue.65,69 The
normal tissue repair strategy has been depicted in Fig. 2.

Bacterial colonization is one of the major events that
happens in devices and appliances used in an aquatic ecosys-

Fig. 1 Surgical treatment strategies for long bone defects, non-seg-
mental (A) or segmental (B) bone defects, and flat bone defects, cranio-
facial (C) and maxillofacial (D), surgically fixated with plates, rods and
screws for bone graft stabilization. The effect of substrate stiffness on
modulating and controlling stem cell differentiation behaviour into
different lineages (E).

Review Biomaterials Science

Biomater. Sci. This journal is © The Royal Society of Chemistry 2022

Pu
bl

is
he

d 
on

 0
6 

A
pr

il 
20

22
. D

ow
nl

oa
de

d 
on

 5
/5

/2
02

2 
2:

18
:5

3 
PM

. 
View Article Online

https://doi.org/10.1039/d2bm00035k


tem through the process of microbial biofilm formation.
Similarly, most of the medical devices implanted into
humans, if not all, are prone to bacterial colonization, often
referred to as microbial biofilms.70,71 To name a few, orthopae-
dic implants, artificial hearts, urinary catheters, and intravas-
cular catheters are some commonly used implants susceptible
to bacterial colonization and infections post implantation.72,73

Immediately after the implantation and interaction with
blood, the surface of biomaterials is coated with a film con-
taining proteins and glycoproteins.74,75 This film favours cellu-
lar and bacterial attachment. These attached bacteria secrete
an insoluble gelatinous polymer substance, a three-dimen-
sional cell–polymer matrix known as biofilm.76,77 The biofilms
act as a protective environment for bacteria. Though such bio-
films are often found in the healthy body, such as in the
lungs, not all the bacteria are pathogenic to the host, thanks to
the innate immune system of body provided by immune cells
such as dendritic cells, neutrophils and macrophages.78,79

These immune cells act as a primary defence for the body
against bacterial infection. However, in the case of biofilm,
which is often known as polysaccharide alginate matrix, the
entry of toxic molecules released by immune cells is prevented,
thus hindering the phagocytosis of bacteria by immune
cells.79 Several new approaches have been developed to cope
with the bacterial colonization, including antibacterial
therapy,70,80,81 vaccinating implanted biomaterials to increase
the efficiency of dendritic immune cells against bacterial
attack,82 controlled release of soluble toxic agents into the
adjacent surrounding tissue, and by targeted delivery of artifi-
cial molecules that aid and accelerate the binding of neutro-
phils to the bacteria.83,84

Degradation and resorption is part of any tissue-engineered
product. Often tissue-engineered biomaterials are bio-
degradable, and the degradation process is either chemically
driven or it is accomplished by cells.85 Any slight changes in
the biomaterial chemistry can greatly affect the resorption rate.
This facilitates the researchers to tailor the biomaterials for a
particular application, and/or in the worst case it may lead to

the unexpected failure of implants. The most commonly used
resorbable biomaterials are collagen and lactic acid/glycolic
acid-based polymers such as PLA, PGA or their copolymers.
These polymers degrade in a time period a few months to
several years through hydrolytic degradation of polyester
bonds and are gradually metabolised into carbon dioxide and
water molecules.86,87 Tricalcium phosphate, which is often
incorporated into these polymeric matrices for enhanced phy-
siochemical properties, also degrades into calcium and phos-
phate salts (naturally existing elements in the body) through a
surface dissolution process.88 Mainly the initial molecular
weight and the degree of crystallinity determines the time
period of degradation.89 The degradation rate is very critical
and may sometimes lead to chronic non-healing of the
wounds; for example, if the material degrades very quickly,
releasing particulate matter that may extend the inflammation
stage. Such persistent inflammation induces giant multinu-
cleated cells that continuously secrete acids and enzymes with
the intention to remove the offending material, thus destroy-
ing healthy tissue in due course.55,90 This may necessitate the
surgical removal of the implanted device.

5. Scaffold fabrication using 3D-
printing

Scaffolds can be produced using a range of conventional man-
ufacturing techniques such as gas foaming, solvent casting,
melt moulding, freeze-drying, salt leaching, etc.14,91,92

However, considering the complexity in the design of scaffold
architecture, each of these techniques possesses certain limit-
ations. Some of the limitations include: the issues of gradient
pore size, pore geometry, pore interconnectivity, spatial distri-
bution of the pores, spatial distribution of material stiffness
and others.105 Solid freeform fabrication (SFF) methods, also
known as AM or 3D printing techniques, recently demon-
strated their potential promise for scaffold manufacturing.
The SFF method has the ability to design any complex struc-
ture with precise control over the dimensions (in this context
pore structure and geometry for required porosity).106 Among
the more than 40 different 3D printing techniques available
today, fused filament fabrication (FFF), selective laser sintering
(SLS), stereolithography (SLA) or digital light processing (DLP),
and direct ink writing (DIW) techniques are the most widely
adopted fabrication techniques for scaffold
manufacturing.107–110 In addition, the 3D bio printing tech-
nique could create 3D living artificial bio implants or complex
tissues by simultaneous deposition of living cells and ECM in
a predefined pattern inside a controlled environment.111 There
has been a major focus on the development of biocompatible
materials that could be directly extruded through the syringe
or nozzle of a 3D printer for the fabrication of biocompatible
scaffolds. In this regard, robocasting, the direct bio-ink
writing, is one of those promising extrusion-based
techniques.112,113 This technique is highly flexible in terms of
biomaterials which can be a solution, hydrogel or a paste of

Fig. 2 Tissue–biomaterials interaction, involving four overlapping and
interdependent phases for wound healing: (a) protein attachment, (b)
hemostasis, (c) inflammation and (d) proliferation and tissue repair.
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biocompatible materials. The biomaterial is mixed with
rapidly evaporating organic solvents, such as dichloromethane,
tetrahydrofuran or dimethyl sulfoxide, which rapidly dissipate
upon extrusion, leaving behind a solid strut.114 In some cases,
a temporary supporting sacrificial material may be used to
support the 3D printed structures.16,115 However, such extru-
sion-based 3D printing techniques are mostly suited for creat-
ing 3D scaffolds for further cell seeding in TE and not suitable
for incorporating any live cells during the printing process.
There exist certain drawbacks of adopting 3D printing techno-
logy to fabricate computationally generated scaffolds, because
the scaffold microstructure is typically in the range of micro-
metres or even nanometres while various 3D printing tech-
niques lack the precision required at that resolution. The com-
monly used extrusion-based 3D printer (FFF/DIW) can achieve
a resolution at micrometre scale ∼250 µm, SLS at 500 µm and
SLA at 70–250 µm.98 As a result, AM might not accomplish fea-
tures at the nanoscale and therefore requires surface modifi-
cation post-fabrication. Kumar P et al. suggested the surface
coating of a FDM 3D printed device with electrospun fibers to
overcome the above issue of resolution. They successfully
created a nanofibrous cell culture insert device to grow kerati-
nocytes where cells could perceive the fibrous topology of the
scaffold while the 3D printed structure provided the structural
and other support functions.116 For instance, the surface
modification of a 3DP PCL scaffold with acetone and sub-
sequent treatment with ultrasound resulted in an enhanced
surface roughness, surface area and reduced hydrophobicity.
The scaffold showed enhanced osteogenic differentiation of
MSCs, as compared with the non-treated pure PCL scaffold.117

Similarly, 3D printed PLA scaffolds modified with nanoHAp
resulted in an excellent cell attachment and also enhanced
mechanical strength, an increase up to 47.16%, as compared
with the uncoated PLA scaffolds.118 In addition, the usage of
support structures for printing topologically optimized
scaffolds with highly interconnected pores can further compli-
cate the fabrication process. Practically, extrusion-based tech-
niques are not capable of printing complex computationally
designed scaffolds requiring support structures with a reason-
able accuracy. Alternatively, such scaffold structures can be
efficiently fabricated using laser-based techniques like SLA,
although their application is limited to the use of photopoly-
mers only. Hence, it is worth noting that there is no single 3D
printing technique that could serve the purpose of fabricating
computationally optimized scaffold designs. Table 2 contains
different AM techniques used for developing high-strength
bone scaffolds.

6. Printability of biomaterials for 3D
printing

The potential of AM techniques to fabricate irregular-shaped
patient-specific implants, customizable devices, and for dental
restoration at reasonable costs, makes it a perfect technology
for personalized medicine in the biomedical community. As a

result, AM has emerged as a promising tool for the fabrication
of bone tissue engineering scaffolds and bioprinting over the
last decade. However, there remains only a handful of ready-to-
use 3D printable biodegradable polymeric biomaterials as well
as bio inks for bioprinting, i.e., simultaneous printing of bio-
materials and cells. In this regard, scientists and engineers are
working restlessly to develop 3D printable biomaterials consid-
ering various factors such as printability, mechanical pro-
perties, biocompatibility, degradation kinetics and other
tissue-mimicking characteristics of biomaterials. The develop-
ment of biomaterials for 3D printing is very challenging as it
requires fine tuning between various interdependent para-
meters such as viscosity, brittleness, stiffness, surface tension,
ability of biomaterial to crosslink on its own and the surface
characteristics of the printer nozzle.119 Limiting the discussion
of 3D printing to only BTE materials, the most widely used 3D
printing methods include extrusion-based printing, SLA, SLS
and inkjet printing. In extrusion-based 3D printing tech-
niques, viscosity plays a crucial role among other properties.
Due to high shear stress developed at the nozzle tip during
extrusion, a highly viscous biomaterial with shear-thinning
properties is designed to compensate for it. Also, the designed
biomaterial should possess enough stiffness to retain the 3D
structure post-printing. For example, a biomaterial with higher
viscosity will likely produce a highly stable 3D structure as
compared with lower viscosity biomaterials. But at the same
time, the pressure required for extruding such biomaterial will
be higher, which may affect the flow of material from the
small nozzle orifice, as in the case of DIW methods.119

Further, the viscous property of the biomaterial should be
tuneable to make it easily accessible to other commercially
available 3D printers. As reported from the literature, the DIW
techniques require a minimum viscosity of 30–6 × 107 mPa s,
droplet and inkjet-based 3D printers require a viscosity of
10 mPa s, whereas laser-aided printers require a viscosity of
1–300 mPa s.120,121 Most of the high-strength biomaterials
reported in the upcoming sections are either polymer-based or
ceramic-based composite materials. The polymer-based bio-
materials are usually available in the form of a filament with a
constant diameter of 1.75 mm for use in FFF machines. For
SLS or powder-based AM techniques, biomaterials in the form
of beads are available, while a ceramic or glass-based slurry/
paste and low viscous liquid resin are available for DIW and
SLA techniques, respectively.114,122

For a biomaterial to be printable using FFF machines, the
material should possess a sharp solid-to-melt transition, so as
to facilitate the viscous melt formation during pre-extrusion
and a sudden solidification following post-extrusion through
the nozzle. Further, to prevent the buckling of the filament
prior to extrusion and to avoid the shear-thinning tendencies
inside the liquefier (in liquid form), the elastic modulus to
melt viscosity ratio of the biomaterial should be below 5 × 105

s−1.114 DIW techniques, which directly extrude slurries or
paste of ceramic or glass, must dry immediately post extrusion
to maintain the shape integrity of the printed structure.
Generally, the paste/slurry of biomaterials is prepared by dis-
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solving polymers into a rapidly evaporating organic solvent, to
facilitate rapid dissipation upon extrusion, leaving behind a
solid strut of biomaterials. This slurry/paste should be
sufficiently less viscous to facilitate printing at moderate to
low pressure, and should possess shear-thinning character-
istics to facilitate smooth flow through the nozzle and to avoid
any nozzle clogging. The biomaterials designed for laser-based
techniques like SLS should have a bead diameter in the range

of 10–150 μm, so as to facilitate particle flow within the bed
while maintaining the print resolution.123 The designed bio-
materials should have low melt viscosity and should not
undergo thermal degradation at the laser’s attainable melt
temperature, which is generally below 200 °C. Likewise, for the
SLA process, the designed biomaterial must be a photocross-
linkable one that reacts and polymerizes rapidly upon
exposure to UV radiation. The 3D printed parts must have

Table 2 AM techniques for bone scaffold fabrication

AM techniques for bone
TE Advantages Disadvantages Ref.

• Very high resolutions (≈1 µm) • Limited to photosensitive materials 93–95
• Increased fabrication speed thus reduced
fabrication time

• Expensive

• No limitation of viscosities
• Smooth surface finish

• High resolutions (pico- to microscale) • Very high temp (up to 1200 °C) 96–98
• Suitable for scaffold with high mechanical strength • Heat from laser may affect material
• Powder bed serves as support for complex geometry • Limited to materials with shrinkage and heat

resistance
• Small printing volumes • Requires post processing

• High cost

• Moderate resolutions (200–1000 µm) • Needs suitable binder for composite
biomaterials

99–101

• Cells and fillers can be directly incorporated • Ink rheology and viscosity needs to be
optimised

• Multi material/composites processing • Relatively slow speed
• Suitable for high-strength scaffold
• Biomaterials with higher viscosity can be printed
(30–6 × 107 mPa s)

• Ready-to-use filament available • Materials restricted to thermoplastics 102–104
• Low cytotoxicity vs. direct 3D printing • Requires support structure for overhangs and

complex shapes
• Relatively inexpensive • Low resolution and requires post processing
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sufficient density and viscosity to perform their intended
purpose. The new material must flow efficiently into the gap
when the build stage is lowered after each completed layer,
and cross-linking must start immediately to maintain the
resolution and the print speed.114 Hence, the printability of
biomaterials cannot be generalised for all AM techniques;
rather, each of the 3D printing techniques requires specific
characteristics for the biomaterial/bio ink being used.

7. Strategies to tailor the mechanical
strength

Naturally derived materials such as gelatin, alginate, collagen,
chitosan, and hyaluronic acid are the primary choices of 3D
printed scaffolds because of their superior innate biological
functions.8,15,137–139 On the other hand, synthetic materials
have better mechanical strength and more controlled degra-
dation rate than the natural materials. These materials,
however, are highly hydrophobic and possess insufficient bio-
logical activity, which leads to their poor cell adhesion capa-
bilities. Therefore, a meaningful way is to develop hybrid bio-
materials which are a combination of natural and synthetic
materials to unite the advantages of both. These hybrid
materials meet both biological and mechanical characteristics
for the bone scaffolds along with ease of fabrication and con-
trolled degradation rate.140 Further, the scaffold’s mechanical
properties are also influenced by the micro and macro features
of the 3D printed scaffolds. External architecture such as pore
structure, porosity percentage and density can be categorised
under the macro features. With increase in porosity, the
mechanical strength is jeopardized in terms of compressive
strength. However, these parameters can be designed for
optimal value using CAD software and proper material selec-
tion based on the end application of the scaffolds. The aniso-

tropic structure of scaffolds with a hexagonal pattern outper-
formed all the other designed structures such as rectangular,
zigzag or curved pattern in terms of compressive strength and
fatigue resistance as well as flexural strength.1,27 On the other
hand, the micro scale features include pore size, their connec-
tivity, surface topology and degradability of scaffolds. These
features significantly affect the cellular response. However,
surface coating might contribute to strengthen the scaffold at
the micro scale as well. This specific part of the review empha-
sizes the discussion on some of the most recent developments
in 3D printed biodegradable scaffolds utilizing composite bio-
materials for BTE applications.8,139 Table 3 summarizes some
of the most recent high-strength scaffolds developed for BTE
applications manufactured by various AM techniques. Fig. 3
gives an overview of development of tissue-engineered 3D
printed composite scaffolds from lab preparation to clinical
application in a human body.

7.1. Printing parameters affecting the mechanical properties
of 3DP scaffolds

The 3D printed component is printed in a layer-by-layer
fashion following a predefined path, therefore it exhibits an-
isotropic physical properties along parallel or orthogonal direc-
tions to the stacked layer.141 To obtain 3DP porous scaffolds
with the required resolution, dimensional accuracy and
designed strength, fine tuning of the printing parameters is
required. As a rule of thumb, proper fusion/bonding between
the consecutive layers and minimal layer height would facili-
tate defect-free fabrication of 3DP parts.142 The internal infill
density and the infill pattern also govern the overall strength
of the 3DP component. The parts printed with increased infill
density would result in an increased tensile and compressive
strength and offer more resistance against deformation than
varying the infill pattern.143 Apart from this basic consider-
ation, studies on optimising the process parameters of

Table 3 Biomaterials and the AM processes used for manufacturing of high strength bone scaffolds

Scaffold fabrication method Biomaterials Compressive strength (MPa) Ref.

FFF/extrusion methods PLA-316L 39.08 ± 4.32 124
PEEK-450 44.6 ± 6.4 125
HA-PCL 20.6 32
PLA-HA 53 ± 0.2 126
PCL blended with PGA suture yarn 79.7 127
Calcium sulphate + PCL coating 46.86 128
PCL-HA 75.72 ± 0.57 17
PCL + TCP 88.07 ± 1.91
Fe + CaSiO3 126 @30%fe 20

SLS PEEK + PGA 80 129
PEEK-GO-HAP 65.45 130
PLLA + (PEEK + β-TCP) 33.64@ 0PLLA 131
PEEK-PVA-GO 20 132

3D bioprinting method (direct ink writing/robocasting) 6P53B glass scaffolds 136 ± 22 133
13–93 bioactive glass scaffolds 105 ± 10 134
Bioactive glass (BG)-CSi-bioceramic 88 135
Glass-ceramic-strontium nitrate (Sr-HT) 110 1
Core–shell-bioceramic-nCSi + magnesium 11.2 at 0% Mg 101
PLA into β-TCP 115 136
Fe scaffold coated with HA 141.25 98
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different 3D printing technologies have been reported. For the
extrusion-based 3D printing process, important printing para-
meters include printing temperature, printing speed and shell
thickness.143–145 Ćwikła et al. studied the influence of printing
parameters on the mechanical properties of parts fabricated
by the FFF process.146 The study concluded that for maximum
strength, the shell thickness and infill density should be
increased. The honeycomb infill pattern showed an improved
strength, while using other infill patterns could accelerate the
printing speed.

For light-processing 3D printing technologies (such as
DLP), light exposure time and dye concentrations are impor-
tant process parameters that govern the mechanical strength
of printed scaffolds.147–149 Saed et al. synthesized PLLA resin
for DLP 3D printing and studied the effects of process para-
meters on the compressive strength of the samples.150 The
compression test revealed that the maximum strength was
achieved for the maximum exposure time with the minimum
dye concentration, i.e., 70 s exposure time with 0.025 wt% dye
concentration was optimal for the maximum compressive
strength of 2.2 MPa. Sufficient exposure time ensures effective
curing of the resin. For proper interlayer adhesion in DLP-
printed parts, the rate of polymerization at the interface
should be higher than the gel point of the respective polymer.
To achieve this, the critical energy (Ec) should be increased,
which, however, decreases with the increased dye concen-
tration, causing longer gelation time.151 In short, higher

exposure time favours improved mechanical strength.
Furthermore, to minimize the over-curing effect, dye concen-
tration could be increased, which will decrease with the light
penetration into the resin.

Farzadi et al. studied the effect of layer printing delay for
powder-based 3D printed scaffolds.152 The printing parameters
such as binder drop penetration speed, binder–powder wetting
ratio and binder drop penetration depth also affect the print-
ing speed and green strength (i.e. strength of the unsintered
state) of 3DP components.153 The compressive strength of
green parts (obtained through binding of powders into 3D
printed parts) was evaluated by delaying the printing layers by
100 ms, 300 ms and 500 ms. Due to the better binder spread-
ing and uniformity, an extended plastic region with an
increased delay time was observed. With an increase in the
delay time, the binder gets more time to penetrate effectively
into the 3D space, leaving behind no voids. This eventually
improves the strength of printed components.

7.2. Mechanical reinforcement strategies

7.2.1. Composite biomaterials. Polymers are the most
widely used biomaterials for BTE applications. Polymers
degrade through cellular or enzymatic pathways. Naturally
derived polymers such as gelatin, alginate, collagen, etc. or syn-
thetic polymers such as poly lactic-co-glycolic acid (PLGA),
polyvinyl alcohol (PVA), polyethylene glycol (PEG) etc. are the
most commonly used polymers in biomedical

Fig. 3 Schematic overview of development of tissue-engineered 3D-printed composite scaffolds from lab to clinical application in the human
body.
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applications.154,155 Synthetic polymers like PCL and PLGA
copolymers have low toxicity of their degradation products and
can be fully metabolized inside the human body.16 In recent
years, PCL, being a FDA-approved polymer, has received much
attention for 3DP of bone scaffolds.156 Good printability,
superior mechanical properties, high structural stability and
biocompatibility are some of the key requirements for poly-
mers used in biomedical applications, in particular in 3DP
and tissue engineering.157 Most of the 3DP polymers lack
sufficient strength, which restricts their direct usage in load-
bearing applications such as scaffolds for large segmental
bone defects. 3DP composites offer tuneable mechanical
strength through reinforcement with foreign particles within
the polymer matrix. Polymer matrix composites are obtained
by incorporation of particles, nanomaterials or fibre into the
polymer matrix resulting in composites with improved
mechanical performance and tuned functionality.

TCP or HA are the most widely used reinforcement
materials within polymer matrices for the preparation of
porous scaffolds for BTE applications. PCL possesses semi-
high mechanical properties with limited biological activity.158

Adding necessary calcium phosphate (Ca–P)-based ceramic
material could significantly improve its biological activity as
demonstrated by improved cell growth.159 HA is the most
notable member of the calcium phosphate family. These cer-
amics are characterized by their suitable mechanical strength
and bone tissue regeneration activity, and are considered as a
major substitute for bone grafting material.17,160,161 Huang
et al. investigated the effect of HA and β-TCP ceramics with

PCL polymer.17 Scaffolds with different polymer–ceramic com-
positions were prepared using the extrusion-based 3DP tech-
nique. The results revealed that the addition of 20 wt% of
ceramic particles improved the compressive modulus of the
PCL scaffolds from 48.08 ± 0.09 MPa to 75.72 ± 0.57 MPa in
the case of PCL/HA scaffolds, or 88.07 ± 1.91 MPa in the case
of PCL/TCP scaffolds. The results suggested that TCP has a
more prominent effect on enhancing the mechanical pro-
perties than HA. Fig. 4 shows the SEM image of the cross-
section view and zoom-in view of the sectioned surface
showing the embedded TCP particles and cell attachment on a
PCL/TCP scaffold.

Wang et al. prepared pristine graphene (0.25, 0.50 and
0.75 wt%) porous scaffolds with 0°/90° layout pattern.162 PCL/
graphene pellets were prepared using melt blending followed
by screw-assisted 3D printing. Pristine graphene was added to
improve the solubility, processability and the mechanical pro-
perties of the scaffolds at very low filler content. The hydrophi-
licity of the surface was also increased by addition of a small
concentration of pristine graphene and the surface treatment
with NaOH. The cell–material interactions demonstrated that
the scaffolds treated with NaOH showed a higher cellular
attachment rate than the untreated scaffold. Peng et al. incor-
porated HAP into PEEK to overcome the limitations of PEEK
and achieved good biocompatibility as well as bioactivity.
Graphene oxide (GO) was used to improve interfacial bonding
to improve bone-bonding ability.130 SLS was used to fabricate
PEEK-HAP/GO scaffolds. The PEEK-HAP scaffolds demon-
strated a compressive strength of 36.45 MPa and modulus 2.71

Fig. 4 3D-printed PCL composite scaffolds and their biocompatibility. (a) & (b) SEM image of a PCL/TCP 20 wt% scaffold cross-section views and
zoom-in view of cut surface. (c) & (d) SEM image of cell attachment over PCL/TCP 20 wt% scaffolds, reproduced from Huang et al.17 with permission
from MDPI, copyright (2018).
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GPa. The addition of 1 wt% of GO could enhance the compres-
sive strength of PEEK-HAP scaffolds to 65.41 MPa initially,
which slightly decreases with increased GO addition. The
scaffold bioactivity was evaluated by immersing it in simulated
body fluid (SBF). The cell proliferation test showed that the
entire surface of PEEK-HAP/GO was covered with cells and
only 40% for the PEEK-HAP scaffolds. These scaffolds were
implanted at the bone defect site of a rabbit to evaluate their
in vivo performances. The formation of new bone tissue was
observed, and all the defect sites were filled with the new
tissue after 60 days of implantation.

These polymer matrix composites seem to pave the future
of ready-to-use biomaterials for BTE because of their potential
for being printed into a desired porous structure. They can be
tailored to obtain the stiffness and strength required for hard
tissue substitutions.

7.2.2. Bioceramics with fillers. Bioceramics are promising
inorganic candidates which possess high mechanical strength,
and intrinsic osteoinductive and osteoconductive properties.
They are also constituted of the important minerals found in a
natural bone. Calcium phosphate, calcium sulphate, trical-
cium phosphate163 and coralline hydroxyapatite are the four
major types of natural bioceramics available so far.5 Although
they lack a slow degradation rate and sufficient mechanical
stability, these attributes could be improvised by incorporating
other materials such as metal particles, polymers, and oxides.
HA is an inorganic compound, constitutes about 70% by
weight of bone, is considered as the main bioactive component
of bone structure, and promotes osteoconduction and osteoin-
duction.164 Tricalcium phosphate (TCP) is another widely used
inorganic compound in BTE because of its structural and
chemical composition similarity with the native bone.111,159,165

These materials each has the property to bind itself with soft
as well as hard tissue by forming bone-like apatite on its
surface, hence these materials are deemed as bioactive
materials.164 Pei et al. developed HA scaffolds with hierarchical
macro and nanopores by combining 3D printing and micro-
wave sintering.166 3D-printed HA scaffolds were compared with
conventionally prepared HA scaffolds using the gas foaming
method. The in vivo results showed new bone formation on
3D-printed scaffolds followed by microwave sintering, whereas
no bone formation was observed over the scaffolds prepared
using the gas foaming method. This was likely due to the pres-
ence of micro-pores produced during microwave sintering of
the 3D printed scaffolds. Ke et al. produced β-TCP using a
binder jet 3D printing technique and doped β-TCP scaffolds
with a mixture of MgO (1.00 wt%) and ZnO (0.25 wt%).167 The
compressive strength was increased by 50% and the density
was increased by 30%. In vitro characterization using human
osteoblast cells also showed better cell–material interactions
for the doped β-TCP than pure β-TCP scaffolds. Calcium sili-
cate (CSi) ceramic has also been given much attention by
tissue engineers due to its excellent bioactivity.101,135 Its pro-
perties such as regulated mechanical and biodegradation have
been significantly improved by doping of dilute magnesium in
calcium silicate ceramics.

Another promising bioactive material for bone defect repair
is wollastonite (CaSiO3; CSi) ceramic, due to its slightly fast
degradation of porous constructs in vivo.6 Sun et al. demon-
strated that 6–14% of Ca substituted by Mg in CSi enhanced
the mechanical strength (>40 MPa) without compromising the
biological performances of the 3D-printed porous scaffolds
with open porosity of 60–63%.6 The in vitro cell culture tests
indicated that the dilute Mg doping into CSi was beneficial for
alkaline phosphatase (ALP) activity and high expression of
osteogenic marker genes in MC3T3-E1 cells seeded on the
scaffolds. The scaffolds were implanted in rabbit calvarial
defects (rabbit skull defect) for 6–12 weeks. Fig. 5(a) shows the
SEM images of the ceramic scaffold. Fig. 5(b and c) shows the
defect site and implanted scaffold in rabbit, respectively. The
CSi-Mg10 and CSi-Mg14 scaffolds showed enhanced new bone
regeneration with a significant increase of newly formed bone
tissue (18–22%) compared with the pure CSi (∼14%) at 12
weeks’ post-implantation. Shao et al. prepared wollastonite
(CaSiO3) and diluted magnesium (6% Ca substitution by Mg)
doped-calcium silicate scaffold (CSi-Mg6) with controlled pore
size and different layer thickness using single-layer and
double-layer 3D printing.168 They changed the single-layer
deposition mode to double-layer deposition mode to fabricate
scaffolds with varying layer thickness and macropores, and
thereafter implanted these scaffolds in 8 mm critical-sized
rabbit calvarial bone defects. The µ-CT scans of both CaSi and
CSi-Mg6 scaffolds showed a higher volume of new bone
growth in the double-layer printed scaffold than the single-
layer printed scaffold. Hence, they concluded that doping with
dilute Mg and varying the layer configuration from single layer
to double layer could significantly enhance the mechanical
strength as well as the biological properties of the CaSi
scaffolds.

Jin et al. developed a new strategy to enhance the mechani-
cal strength of a porous bioceramic scaffold using a coaxially
aligned printing nozzle via DIW technique.101 Two slurries
from the coaxially aligned nozzles originating from two
different micro tubes formed a core–shell paste of the biocera-
mic slurries. The two ceramic powders (CaSi-Mg4/Mg10) were
dispersed in 10% PVA solution and fed into one of the nozzles,
while another non-stoichiometric calcium silicate (nCSi) with
0%, 4%, or 10% of Mg substituting calcium slurry was fed into
another coaxial nozzle to produce porous core–shell bilayer
bioceramic scaffolds. The compressive strength of the single-
phasic scaffold (CSi) increased from 11.2 MPa to 39.4 MPa
(CSi-Mg4) and to almost 80 MPa for CSi-Mg10 scaffolds. The
enhanced compressive strength by the addition of Mg substi-
tution in CSi could be attributed to the enhanced sintering
properties and dense microstructure in the pore strut.

Apart from the strengthening of biomaterials, bi-functional
biomaterials with photothermal effects for tumor therapy of
residual tumor cells have also been reported. Ma et al. pre-
pared high-strength bi-functional biomaterial scaffolds by
mixing Fe with varying CaSiO3 powder content using DIW fol-
lowed by sintering at 1150°, 1250°, and 1350 °C in an argon
atmosphere.20 The composite scaffolds exhibited high com-
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pressive strength of 126 MPa after sintering at 1350 °C com-
pared with the initial compressive strength of CaSiO3 of 14.9
MPa. Because of the inherent mechanical properties of Fe par-
ticles, the compressive strength was directly proportional to
the content of Fe particles in the fabricated scaffolds. To evalu-
ate the clinical potential of these composites, the scaffolds
were further implanted into a New Zealand White rabbit criti-
cal-sized femoral defect model, followed by 808 nm near infra-
red (NIR) laser irradiation for tumor therapy. The composite
scaffolds with 30% CaSiO3 ceramic showed remarkably higher
percentage of new bone growth as compared with Fe scaffolds
alone. Fig. 5(d–f ) shows a schematic illustration of Fe and
CaSiO3 scaffolds, their application and the corresponding
compressive strength of these scaffolds at different sintering
temperatures.

Incorporation of Mg with wollastonite in varying proportion
could demonstrate excellent strength and reasonable degrad-
ability for use as a promising candidate for bone reconstruc-
tion in thin wall bone defects. In fact, these ceramics are
superior to traditional calcium phosphates in cell attachment,
proliferation, and differentiation. Microwave sintering has
been reported to enhance the strength of 3D-printed ceramic
scaffolds due to a density increment owing to shrinkage. Mg/
calcium silicate fillers, owing to their high stiffness and high
mechanical properties, could be a better choice for printing
interconnected porous structure with excellent biological and
tailored mechanical properties.

7.2.3. Bioactive glass scaffold reinforcement. The original
bioglass consists of 45% silica (SiO2), 24.5% calcium oxide
(CaO), 24.5% sodium oxide (Na2O), and 6% phosphorus pent-
oxide (P2O5) in weight percentage. It exhibits excellent biocom-
patibility, osteoconductive property and has the ability to
adjust the degradation rate in vivo while newly formed bones
and tissues are being remodelled.169 When implanted at a
bone defect site, this bioactive glass forms a strong bond with
the surrounding tissue, as it gradually gets converted into HA,
the main mineral constituent of human bone.170 Bioactive
glass scaffolds such as 45S5 (45 weight % of SiO2 and
5 : 1 molar ratio of calcium to phosphorus),112,135,171 13–93
(53 wt% SiO2, 6 wt% Na2O, 12 wt% K2O, 5 wt% MgO, 20 wt%
CaO, 4 wt% P2O5)

1,6,172 and 6P53B (52.7 wt% SiO2, 10.3 wt%
Na2O, 2.8 wt%K2O, 10.2 wt% MgO, 18.0 wt% CaO, 6 wt%
P2O5)

133–135 have been extensively fabricated by the robocast-
ing method. Compared with other manufacturing processes,
robocasting offers the production of a large range of composite
materials. For example, liquid polymers have been infiltrated
into printed glass/ceramic scaffolds with controlled
porosity.15,112 Fu et al. developed bioactive 6P53B glass
scaffolds with 60% porosity using DIW techniques.133 The bio-
active 6P53B glass is a modified version of the original
45S5 glass. The prepared scaffolds demonstrated superior
mechanical strength. The rheological properties of the glass
ink, mechanical response, and in vitro degradation of the
scaffold in SBF was further evaluated. The compressive

Fig. 5 DIW-printed Fe–CaSiO3 composite scaffolds. (a) The SEM images of surface morphologies and microstructures of the ceramic scaffolds (b,
c) bone defect and implanted scaffold in rabbit skull defect, reproduced from Sun et al.6 with permission from Nature publishing group, copyright
(2016). (d) Schematic illustration of the fabrication of Fe–CaSiO3 composite scaffold and laser irradiation, (e) compressive strength of Fe scaffolds
with different contents of CS and macro porous structures (f ) compressive strength of 30CS scaffolds prepared at different sintering temperatures,
reproduced from Ma et al.20 with permission from Springer US, (copyright (2018).
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strength of the sintered glass scaffolds (136 ± 22 MPa) was
comparable with human cortical bone mechanical properties.
After degradation in SBF for 3 weeks, the scaffolds withhold
sufficient strength (77 MPa), which is far above the value for a
trabecular bone.

Esfahani et al. fabricated 3D printed highly porous
scaffolds with anisotropic structures possessing a compressive
strength of 110 MPa.1 DIW was used for fabricating Sr-
HT-Gahnite scaffold with 600 µm hexagonal pores. These hex-
agonal-patterned scaffolds showed an average compressive
strength of 122 ± 12 MPa, which falls in the range for human
cortical bone, and flexural strength of 30 MPa. Fig. 6(a–c)
shows scaffolds with varying pore geometry and SEM image
showing solid struts without any micro pores, and Fig. 6(d and
e) shows the compressive strength and flexural strength of Sr-
HT gahnite. The scaffolds demonstrated high compressive
strength of 90 MPa at 70% porosity to 136 MPa at 60% poro-
sity. Based on Weibull modulus data, these scaffolds showed a
failure probability of 0.01 when subjected to clinically relevant
compressive stress of 11 MPa. However, the failure probability
estimated for similar porous calcium phosphate scaffolds was
found to be 0.8. The scaffolds showed 4–5 times enhancement
in the strength of a bioactive glass and HA scaffold, and nearly
3 times higher than the value of polymeric scaffolds. Most
recently, Duan et al. developed a high-strength bifunctional
scaffold, inspired by the structure of ferroconcrete.173 The
surface-modified Mg alloy rods were dispersed into the osteo-

conductive matrix of bioglass–Mg phosphate bone cement.
The Mg alloy was coated with melted PCL solution and the
mixture was poured into a 3D printed mold. The Mg alloy
acted as a load-bearing skeleton, while the bone cement pro-
vided excellent biocompatibility and osteoconductive pro-
perties. The initial compressive strength of the composite
scaffolds was reported to be 180 MPa, which reduced to 100
MPa after 6 weeks of soaking in SBF. The in vivo studies using
a New Zealand White rabbit radial defect model revealed
highly mature tissue formation as the scaffold degrades
gradually.

Despite numerous academic studies, only a few clinical
studies have reported the use of Bioglass (45S5 Bioglass® par-
ticles) in maxillofacial surgery and spinal fusion applications.
However, most of the bioglass studies are currently limited to
preclinical investigation.169,174 Though bioactive glass and
ceramic scaffolds exhibit improved mechanical and biological
characteristics, inherent brittleness and decreased fracture re-
sistance of bioglass scaffolds restricts their application in load-
bearing areas. However, this issue can be targeted through
polymer infiltration, where polymers are introduced into the
glass matrix, preventing the catastrophic failure of these bio-
glass scaffolds.

7.2.4. Polymer-infused 3D-printed structures. The intrinsic
brittle nature, low mechanical strength and the decreased frac-
ture resistance of glass and ceramic materials have led to the
development of bioglass–polymer hybrid biomaterials,

Fig. 6 DIW-printed Sr-HT-gahnite scaffolds. (a) Hexagonal Sr-HT-gahnite scaffold prepared by DIW, (b) SEM image of fracture surface, showing
solid struts without any micro pores, (c) microstructure of Sr-HT-gahnite scaffold containing three phases of Sr-HT-grains, ZnAL2O4 and glass phase
between them, (d) compressive strength of Sr-HT-gahnite scaffolds with distinct porosity, (e) flexural strength of Sr-HT-gahnite scaffold, reproduced
from Esfahani et al.1 with permission from Nature Publishing Group, copyright (2016).
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wherein the polymer is infiltrated into the porous bioglass
matrix.136 It is a process of introducing a polymer into the
porous ceramic or bioglass matrix to obtain composites with a
tuneable degradation rate and enhanced mechanical pro-
perties. The infiltrated polymer prevents the catastrophic
failure of these bioglass scaffolds and provides sufficient
mechanical integrity to the overall structure. Generally, a
minor cracking event is observed before the complete failure
of these glass/ceramic scaffolds. Polymer impregnation into
these porous matrices could generate a support structure with
remarkable load-bearing capacity and superior toughness on
compression.113,175 Through polymer infiltration of ductile
materials like PCL and PLA, the issue of the brittleness of a
pure ceramic can be avoided.134 The existing micro porosity
(micro defects in the scaffolds) in the host structures plays a
major role in enhancing the mechanical properties of these
composites. These hybrid ceramic–polymer materials can even
support milling and drilling loads for the purpose of machin-
ing. Hence, due to all these extraordinary toughening pro-
perties achieved by this polymer infiltration approach, these
hybrid biomaterials could be used in engineering of medical
materials, such as porous scaffolds. Martínez-vázquez et al.
studied the effect of infiltration of biodegradable PLA and PCL
into β-TCP scaffolds to fabricate a hybrid scaffold using the
robocasting method.175 The 3D-printed structure of TCP was
immersed into the polymer melt for 2 hours and then cooled
at room temperature. The Weibull statistical method was
employed to calculate the failure probability against the
applied stress. The fabricated PLA–TCP hybrid scaffold exhibi-
ted compressive strength analogous to cortical bone. The SEM
photomicrographs showed that the PLA infiltrated not only
into the macro pores but also into the micro pores of TCP
Fig. 7(a–c). The uniaxial compressive strength of these hybrid

scaffolds was increased by a factor of three (for PCL) and six
(for PLA).176

Eqtesadi et al. fabricated 13–93 bioactive glass scaffolds
possessing mechanical strength comparable with that of
human cortical bone, with tuneable degradation behaviour.134

The tetragonal type (dimension 13 × 13 × 10 mm3) of scaffold
was prepared using the robocasting method and further
immersed into the PLA polymer melt. The scaffolds demon-
strated a porosity of 51 ± 2% and the 13–93/PLA composites
exhibited compression strength values comparable with corti-
cal bone. The improvement in mechanical performance was
21% for 13–93/PLA composites as compared with 5% for
13–93/PCL composites. The method could significantly
improve the load-bearing capacity of the material even after
the fracture of the ceramic skeleton. This could be observed
from SEM photomicrographs of samples after bending tests,
as shown in Fig. 7(d–f ).

The infiltration with polymer can also lead to some serious
drawbacks for utilization of bioactive glass or ceramic. The
infiltrated polymers shield the direct contact of these bioactive
glass and ceramics with the bone cells, which could be preju-
dicial to the biological performance of the system. Hence, this
may restrict its application in certain biomedical applications.
However, by increasing the bioerosion rate of infiltrated
polymer with respect to the ceramic, porosity can be generated
in vivo which may reduce the polymer shielding effect in such
hybrid biocomposites.

7.2.5. Long-lasting nanocomposite 3DP scaffolds.
Nanocomposites are high-performance materials as compared
with micro or macro composites and they offer additional
higher surface to volume ratio.177 Any material with only
reduction in size (below 100 nm) can induce new changes in
its properties, such as improved strength, greater reactivity

Fig. 7 (a) β-TCP scaffold after sintering at 1200 °C for 1 h, (b) PCL infiltrated and (c) PLA infiltrated, reproduced from Martínez-vázquez et al.136 with
permission from Elsevier, copyright (2010). SEM micrographs of samples after bending tests: (d) bare scaffolds of 13–93 bioglass, (e) 13–93/PCL and
(f ) 13–93/PLA composites, reproduced from Eqtesadi et al.134 with permission from Elsevier, copyright (2016).
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characteristics, and electrical conductivity when compared
with its micro–macroscale counterparts.178 This can be attribu-
ted to the fact that at the nanometer level, the interaction of
the different phases at the interfaces becomes largely
improved, which in turn enhances the material’s properties.179

This indicates the importance of the surface area/volume ratio
of the reinforcement particles to be employed in the bulk
matrices to obtain nanocomposites of desired properties. In
this regards, nano-reinforcements with a range of varying
shapes have been investigated for developing polymer nano-
composites. Fibers such as carbon nanotubes (CNTs) and
platelets such as layered silicate clays are two main classes of
nanoreinforcements.178 Calcium phosphate and nanohydrox-
yapatite are the most commonly used ceramic reinforcements
in polymer matrices, demonstrating excellent biocompatibility,
low toxicity, increased cell proliferation and mineralization
when compared with the pristine matrix.179 Metallic nanorein-
forcements have also been used for BTE applications due to
their antimicrobial and bactericidal activities.180 To name a
few, silver nanoparticles,181 gold nanoparticles182 and other
metallic ions such as copper183 and strontium184 have been
widely used with polymer and bioactive glasses due their
improved osteogenic, angiogenic and antibacterial
properties.63,185 However, in most cases, due to polarity differ-
ences between nanoreinforcements and polymer matrices,
surface modification of nanoreinforcements is needed for
better interaction between the phases and to achieve better
dispersion.186 Collagen has served as an efficient bonding
agent for ceramic particles.187 A wide range of collagen–
calcium phosphate/calcium silicate composite scaffolds have
been fabricated and tested in animals and humans for tissue
regeneration.188 For improved mechanical strength, carbon-
based nanomaterials seem to be a promising candidate,
having intrinsic antibacterial properties and their interesting
geometry offering a toughening effect.189 The high crystallinity
of graphite is detrimental to the formation of nanocomposites
with polymers because the large polymer molecules cannot
locate the gaps inside the graphene sheets.178 This was
addressed by altering graphite flakes using a variety of oxidis-
ing chemicals. The resulting graphite comprises nanodimen-
sional flakes (expanded graphite) with a higher surface/volume
ratio for interaction with appropriate polymer matrices.190

Chemical pre-treatments of CNTs with amines, silanes or the
presence of any dispersants aids in the physical disaggregation
and better dispersion of CNTs in polymer matrices.191–193

Nanocomposites with carbon nanomaterials hold the potential
to transform relatively inert materials into bio-responsive
materials of improved mechanical strength for BTE appli-
cations. Although carbon-based nanomaterials were thought
to be biopersistent, oxidative enzymes potentially catalyse the
breakdown of some carbon-based nanomaterials (e.g., GO or
CNTs).194 Moreover, carbon-based nanomaterials may influ-
ence the matrix’s degradation rate as well as the toxicity of the
byproducts.188 The major concern of these composites is their
early resorption and degradation by the body. After implan-
tation their strengths and mechanical properties are hampered

due to hydration, resulting in a relatively low strength as com-
pared with the bone. Hence, controlled degradation is needed
to ensure enough time for the cells to deposit new bone tissue.
Cross-linking is an effective method to control the deposition
rate of these composites, though one has to compromise with
its biocompatibility.195–197 Joddar et al. reinforced alginate
with multi-walled carbon nanotubes (MWCNT) and found that
the porous MWCNT–alginate gel could demonstrate a substan-
tial reduction in the degradation rate compared with the algi-
nate alone. Even though the MWCNTs were not substantially
cross-linked to the alginate, it leads to higher water absorption
inside the gel, achieving greater swelling ratios than the algi-
nate. The degradation behaviour could be better regulated if
methods for crosslinking the MWCNT with the alginate were
adopted. Another attempt to improve the long-term stability of
nanocomposites is the addition of carbon-based nanoparticles
into polymer matrices. For instance, when graphene was
added at higher concentration (up to 5 wt%) into the polymer
matrix, the enzymatic degradation rate was reduced.198 The
mechanism of bonding between the polymer and graphene
also affected the degradation rate of the composite. The co-
valently linked graphene sample exhibited a consistent degra-
dation profile while the blended mixed sample exhibited a
nonhomogeneous profile. Moreover, the poor interfacial inter-
action between CNTs and PLA matrix could increase the
overall surface area of PLA exposed for enzymatic degradation,
resulting in an accelerated degradation.199 Hence, the addition
of a suitable nucleating agent200,201 may slow down the degra-
dation rate, by improving the bonding between the two
phases.

7.2.6. Biodegradable metal-alloys. Metallic bio-implants
such as titanium, its alloys and cobalt–chromium alloy (Co–Cr)
have been the primary choice in orthopaedics for their
encouraging short-term outcomes and cost-effectiveness.
However, the major drawback with metallic bio-implants is
their non-biodegradability.16,27 They need to be removed by a
secondary surgery, which is a painful and cumbersome
process. In contrast, iron (Fe)-based materials and zinc (Zn)
exhibit much better biodegradation properties and are there-
fore used for developing 3D-printed bone scaffolds.202 The
degradation rate of Zn lies in between Mg and Fe, hence
making it a promising material for biodegradable scaffold
preparation. The ultimate tensile strength of pure cast Zn is
approximately 20 MPa, which can be further improved to
200–600 MPa using suitable alloying methods.203 Peng Wen
et al. produced pure Zn porous scaffolds using the laser
powder bed fusion technique.204 The quality of the Zn scaffold
was largely influenced by the massive evaporation of Zn
during the laser melting process. Furthermore, the chemical
and electrochemical polishing of these scaffolds resulted in
the production of scaffolds with a uniform and smooth
surface, but the diameter of the struts was found to be
reduced to 250 µm from the designed value of 300 µm. Chou
et al. fabricated a porous Fe–30Mn scaffold and studied the
degradation rate.205 These scaffolds exhibited tensile pro-
perties like that of human cortical bone. During an electro-
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chemical corrosion test, the 3D-printed scaffolds corroded
faster than that of pure iron. These scaffolds also demon-
strated good cytocompatibity. In another study, Yang et al.
developed pure Fe porous scaffold coated with nano-sized HA
using the inkjet 3D printing technique.98 Pure Fe scaffold
showed a compressive yield strength of 141.25 MPa and poro-
sity of 67.5%. The compressive strength and porosity were
reduced to 139.46 MPa and 66.2%, respectively, upon coating
with nanostructured HA using hydrothermal techniques,
suggesting that there is no major effect of HA coating on
mechanical strength. However, the surface modification of 3D
porous scaffolds significantly reduced Fe ion release from
scaffold, thereby increasing the cytocompatibility of the Fe-
based scaffold.

Recently, Mg-based alloys have also been used as metallic
porous scaffolds due to their biocompatibility, bioactive and
biodegradation properties.206 The ultimate tensile strength of
pure Mg is approximately 90 MPa, which can further be
improved to 200–300 MPa through a suitable alloying
technique.22,203 Jauer et al. fabricated porous Mg alloy AZ91
scaffold using the laser powder bed fusion (LPF) method as
the first porous biodegradable Mg bioimplants developed
using AM technique.207 The same group developed a custo-
mized porous WE43 Mg alloy scaffold for a human mandible

using CT scan data. Li et al. studied the in vitro biodegradation
behaviour, biocompatibility and mechanical properties of
these porous WE43 scaffolds, fabricated by the SLM tech-
nique.208 A diamond unit cell was adopted for lattice structure
with an average strut size of 420 ± 4 µm and 64 ± 0.2% poro-
sity. The scaffolds exhibited mechanical properties well within
the range of trabecular bone even after 4 weeks of bio-
degradation. The biocompatibility test showed zero level cyto-
toxicity up to 72 hours of implantation. Thus, these scaffolds
can open an unprecedented opportunity for the development
of multifunctional bone substitute materials. Fig. 8(a) shows
the printed Mg scaffold and its SEM images showing the non-
melted powder particles attached to the struts. An SEM image
of melt pool and of rose-like grains and cellular morphology at
higher magnification can be observed in Fig. 8(b)–(d),
respectively.

A few clinical applications of these biodegradable metallic
scaffolds have been reported. To date, only non-degradable
metallic bio-implants produced by AM have been clinically
well proven and used worldwide. During AM of these
materials, problems such as elemental loss and fused mole-
cules leading to loss of porosity due to evaporation during
melting under high energy beam are commonly observed.
Hence, it is difficult to obtain a customisable porous structure

Fig. 8 Biodegradable metal scaffolds produced by SLM method. (a) As-built scaffold and surface morphology on the periphery of scaffolds, (b) SEM
image of melt pool showing different grain morphology, (c, d) SEM images of rose-like grains and cellular morphology at higher magnification,
reproduced from Li et al.208 with permission from Elsevier, copyright (2018).
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with macropores, meaning the research progress is in its
infancy.

7.2.7. Tailoring mechanical properties of 3DP scaffolds via
microstructures. Porous structures are an inevitable com-
ponent of TE application. The mechanical performance of
porous structures is mainly influenced by the porosity, pore
size and structural orientations, making them highly aniso-
tropic in nature.209 Intrinsically, this causes highly variable
mechanical behaviour of those porous structures under vari-
able loading conditions. Generally, porous microstructures
like regular strut-based structures arranged at a particular
angle and pattern are used for implant and scaffold design. To
further enhance the geometrical properties of porous struc-
tures in terms of surface area, vascularization and mechanical
performance, regular CAD-based models comprising unit cells
of different shapes such as cubic, honeycomb, octahedron and
monolithic structures are used to generate porous structures
by populating the unit cells along all three major axes.210,211

Any variation in the moduli of neighbouring porous units will
also significantly affect the transmission of loads in the case
of gradient porous scaffolds.212 Therefore, it is suggested to
maintain smooth continuity among neighbouring porous
units having different moduli. This can be achieved by main-
taining uniform strut dimensions across the structures.212

However, all these structures lack sufficient mechanical
strength, especially in case of polymeric scaffolds. In this
regard, various studies have been carried out in the past to
establish the relationship between the geometric and mechani-
cal behaviour of high-performance structures found in nature.
There are plenty of high-performance porous biomaterials sur-
rounding us, like seashells, woodpecker and kingfisher beaks,
shark teeth, and bones, with highly arranged and controlled
structures spanning different length scales.213–215 Considering
such functional geometrical features in engineering design
could yield high-performance load-bearing materials.
However, mimicking such complex hierarchical structures has
been a challenging task using conventional methods. Thanks
to the 3DP technology, the way is paved for the efficient fabri-
cation of futuristic and bionic structures. The advances in 3DP
open avenues for a variety of manufacturing opportunities
which otherwise are impossible. Triply periodic minimal sur-
faces (TPMS) are highly continuous and optimised unit cell
structures, with promising mechanical properties in terms of
strength and elastic modulus and higher surface to volume
ratios, compared with strut-based structures.210,216,217 Among
all, gyroid is one of the most popular TPMS candidates for bio-
medical applications, because of its unique topology offering
optimal vascularization and mechanical strength. Osgouei
et al. recently developed a 3DP porous PLA gyroid scaffold
using extrusion-based techniques, anticipating improved
mechanical as well as biological performance, compared with
the regular strut-based scaffold.218 Three different gyroid
scaffolds, namely G2, G25 and G3 with 2 mm, 2.5 mm and
3 mm unit cell, were prepared. The compressive elastic
modulus and yield strength values of these scaffolds were in
the range of 118–180 MPa and 106–138 MPa, respectively, with

porosity of 86–91%. These values were significantly higher
(compressive modulus up to three times) than those for pre-
viously reported highly porous PLA scaffolds. 3DP has enabled
the fabrication of highly complex structures inspired by atomic-
scale structures, harnessing their unusual mechanical pro-
perties from nanoscale to macroscale level. These theoretical
structures inspired by carbon allotropes such as schwarzites
and tubulanes exhibit exceptional mechanical properties for
any porous structures.219–221 The results of computational ana-
lysis of tubulanes revealed very high Young’s moduli of the
order of diamond. For 3D printing, these atomic models are
scaled into 3D macro models. In this regard, Sajadi et al. 3D
printed a tubulane structure and performed computational ana-
lysis.222 The result revealed that these macroscopic tubulanes’
structure exhibits remarkable load-bearing and impact resis-
tance capacity. However, such structures have not yet been
reported for scaffold fabrication and their biological evaluations
are yet to be explored. The current demand for load-bearing
porous structures for tissue engineering provokes the research
community to explore such innovative geometries further.

8. Computational methods for
predicting 3D-printed scaffold
mechanical properties

The thirst for robust and high-performing porous structures
for tissue engineering applications is unfolding various
avenues of geometrical designs every day (as discussed in the
section 7.2.7). More complex and sophisticated geometries are
replacing the conventional strut-based porous structures, due
to their promising tissue-mimicking features. Therefore, in the
process of fine tuning the geometrical features of scaffold, one
parameter or another may get altered, which might affect the
overall performance of the scaffold. For example, a slight vari-
ation in scaffold structure would lead to a conflict between the
porosity and stiffness.223 Moreover, large variations in the
manufacturing parameters of 3D printing technology particu-
larly encourage the use of simulation tools like finite element
analysis to analyse the mechanics of any complicated geome-
tries. To achieve a good balance between these factors, the
scaffold structures need to be dedicatedly designed and evalu-
ated for printing parameters by specific AM techniques. If one
goes with the conventional process of designing, experiment-
ing, in vivo and in vitro testing phases of a scaffold, it will be
challenging to optimize the scaffold design due to the multi-
parametric effect on the final design of the scaffolds. The trial-
and-error method of scaffold manufacturing and its property
characterisation is highly time-consuming and expensive. For
instance, the stress–strain distribution is rarely possible to
investigate through experiments, but otherwise can be easily
predicted through finite element analysis (FEA).224

Therefore, recently researchers have been adopting compu-
tational methods along with 3D printing technology as a new
approach for the design and fabrication of scaffolds.

Biomaterials Science Review

This journal is © The Royal Society of Chemistry 2022 Biomater. Sci.

Pu
bl

is
he

d 
on

 0
6 

A
pr

il 
20

22
. D

ow
nl

oa
de

d 
on

 5
/5

/2
02

2 
2:

18
:5

3 
PM

. 
View Article Online

https://doi.org/10.1039/d2bm00035k


Computational methods such as computer-aided design
(CAD), finite element analysis (FEA) and computational fluid
dynamics (CFD) can significantly reduce the iteration of experi-
ments to obtain scaffolds with improved properties in a
shorter span of time. Some of the computational applications
include simulation of mechanical and fluidic properties,
in vivo behaviour of the scaffold, structural optimization, and
simulation of material degradation and tissue regeneration
within scaffolds. These simulation results are reasonably accu-
rate and serve as a predictive tool for scaffold properties prior
to its fabrication and testing. Prior to scaffold fabrication, a
CAD model of the scaffold is designed as per the requirements
(physical, mechanical, and biological) and properties such as
pore shape and size. Proper material (elastic modulus) and
fabrication constraints (e.g., resolution) are selected, and
finally the simulation results are used to predict the optimal
design for fabrication. Scaffolds, once implanted into body,
are subjected to various loading conditions such as tension,
compression, bending, shear, torsion, and biomechanical/
physiological loading. Among them, compression is the most
common loading condition for a bone design.225 Therefore,
among various mechanical properties, elastic modulus is the
most important and commonly investigated property found in
the literature as it determines the structural integrity of the
scaffold under uniaxial loading (either tensile or compressive).

Ribeiro et al.226 simulated the deformation (up to 15%) of a
large-scale scaffold and reported reasonable agreement in com-
pressive strength and modulus between the simulation and
experimental results for various scaffold geometries. The stress
distribution results obtained from the compression loading
helped them to identify areas with an increased stress concen-
tration which otherwise was not possible through experiments.
In a similar study by Zhang et al., the implications of pore geo-
metry on the mechanical properties of 3D printed scaffolds
were investigated using finite element models.227 Scaffold speci-
mens with varying lay-down patterns, inter-filament spacing,
filament diameter and layer overlap were simulated under com-
pressive loading conditions. The result revealed that with the
increase in scaffold porosity, Young’s moduli decreased linearly
and the orthotropic characteristics improved as the lay-down
angle reduced from 90° to 15°. They concluded that by adjust-
ing the porosity and local lay-down angles in 3D printed
scaffolds, the hierarchical mechanical characteristics of genuine
osteochondral tissue can be emulated. Apart from simulating a
scaffold’s mechanical properties and its behaviour, compu-
tational methods are also being used for structural optimisation
of scaffolds.228 As reported by Entezari et al.,229 they successfully
designed a scaffold for maximum compressive strength, while
maintaining its porosity, by optimizing geometrical parameters
such as pore size, strut size and overlapping depth between the
layers. A similar study was reported by Uth et al.230 in which
they optimised the pore size, strut size, and material concen-
tration using the Nelder–Mead method inbuilt into COMSOL
software and Design of Experiments (DoE) methodologies to
maximise the compressive modulus of the scaffold with a con-
straint on porosity.

So far, most of the studies reported in the literature have
focused on the bone tissue applications, probably due to the
fact that bone tissues are mostly dependent on mechanical
loading behaviour as recognised by Wolff’s law.231 However,
there are certain challenges and limitations which hinder the
accurate simulation environment, such as simplified structural
features and boundary conditions, which might cause discre-
pancies between the simulated model and the fabricated
parts. The boundary conditions used for uniaxial loading in
most simulation studies are more complicated in in vivo con-
ditions. As a summary, it can be concluded that the appli-
cation of computational methods in scaffold design has not
only improved the traditional process of fabrication, but also
opened a new way in tissue engineering, providing a wide and
flexible range of choices from material selection to optimized
design and structure. Some of the other computational appli-
cations of mechanical properties include maximal stress strain
distribution, dynamic deformation pattern, yield strength,
shear modulus and Poisson’s ratio.

9. Experimental validation

Once the scaffolds have been prepared using any of the AM
techniques, these biomaterial-based scaffolds are evaluated for
sufficient strength to sustain the mechanical loads experienced
at the bone site after implantation. Scaffolds are exposed to
various mechanical stresses such as compression, tension,
torsion and shearing when implanted in vivo. Mechanical evalu-
ation such as unidirectional compression testing, strain energy
density and flexural performance or behaviour of the material
are evaluated by comparing the strength and strain energy
density of the scaffolds in a four-point bending test or three-
point bending test.27 Fundamentally, the three-point bending
test should be done for homogeneous materials such as pure
PLA/PCL, while the four-point bending test gives more reliable
mechanical strength of reinforced composite materials from the
point of view of tensile stress. However, as far as the mechanical
strength of a bone scaffold is concerned, compressive strength
is mostly taken into consideration citing its in vivo loading con-
dition. Most studies in the reported literature have used the ISO
178 standard procedure for three-point bending test for the
evaluation of composite materials.1,13,134,159 For example,
Roohani et al. performed the three-point bending test of a
glass-ceramic-based sample (3 mm × 5 mm × 25 mm) using a
crosshead speed of 0.2 mm min−1 with a 1 kN load cell. The
flexural strength was calculated using the following equation:

σ ¼ 3PL
2bd2 ð1Þ

where P is the maximum load applied, L is the length of
support span, and b and d are width and depth of the
samples, respectively. The raster angle in the case of 3D-
printed parts also affects the mechanical properties. For
example, the three-point bending test of a PLA sample with 0°
raster angle was much stronger as compared with the corres-
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ponding 45° and 90° raster angle samples.232,233 The same is
true for the compression test as well. The compressive strength
of PEEK samples printed with 0° raster angle was higher than
0/90° raster angle samples.234 In principle, the mechanical
evaluation of the scaffolds should not be limited only to com-
pressive strength. Eqtesadi et al. demonstrated the fabrication
of 13–93 structures which exhibited excellent mechanical
behaviour that is comparable to human cortical bone in all
aspects during compression testing.134 However, the same was
not true during the evaluation of bending stresses. Most of the
reports so far are on compression and bending tests at a con-
stant crosshead speed of 1.0 mm min−1.2,6 The toughness of
the scaffold could be estimated by strain energy density (G),
which is defined as the area under the stress–strain curve up
to the elastic region.134 The maximum value of the stress–
strain curve provides the strength to the scaffold. However, this
is not true for ductile materials like PCL. For ductile materials,
there is no such maximum value of stress observed in the
nominal stress–strain curve, hence the yield stress is con-
sidered for the determination of its strength.134 While tailoring
a scaffold for bone regeneration of large bone defects under
varied loading conditions, it is very crucial to evaluate its
reliability i.e., the failure which may occur due to the critical
flaws in the material. This reliability can be calculated by the
probability function proposed by Weibull,1 which is given as
cumulative distribution eqn (2):

Pf σð Þ ¼ 1� exp � σ � σtð Þm
σ0

� �
ð2Þ

where Pf stands for the probability of failure at the stress σ, σ0
is the Weibull scale parameter (i.e., the stress at which the
failure probability is 63%), σt is the threshold stress value
below which a material shows null failure and m is the Weibull
modulus. In general, the Weibull modulus is used to measure
the mechanical reliability of ceramics, in which a higher
Weibull modulus values corresponds to a more reliable
material. The Pf can be calculated by eqn (3),

Pf ¼ i� 0:5
n

ð3Þ

where i is the rank of the specimen in an ascending order of
failure and n is the total number of the specimens used. For
statistically significant results, the number of specimens
should not be smaller than 30. So far, there has been a limited
number of studies on the reliability of porous bioactive
materials such as a porous scaffold. For a dense or nearly
dense glasses and ceramic material, the Weibull modulus has
been reported in the range of 5–2046.1

10. Clinical translation and
challenges

Over the course of the last few decades, research has been
devoted to the development of novel bone graft substitutes

that provide immediate mechanical support while assuring
appropriate new tissue formation, by incorporating stem cells
and other bioactive materials. However, among the numerous
studies being conducted, very few studies have made the tran-
sition from the bench-top to the bedside applications. Already
bone screws and bone cements are being used to provide
mechanical support in bone fracture injuries. To name a few,
BoneSource®, Norian SRS®, HydroSet™ and BoneSave™ are
some calcium-based products that have exhibited improved
mechanical stability, but still they lack osteoinductive
properties.11,231,235–237 SmartBone® (IBI) is a bio hybrid
nature-inspired bone graft containing resorbable poly(lactic-co-
caprolactone) block copolymer in the bovine-derived mineral
matrix and functionalized with collagen fragments.238 It is
used for reconstruction surgery with an ability to resorb com-
pletely and become replaced with the patient’s own bone
within 1–2 years of implantation. Infuse (Medtronic) and
Osigraft® (Olympus) are the other collagen-based bone grafts
functionalised with BMP-2 and BMP-7, which promote bone
ingrowth.237 However, with reports of complications due to off-
label use of Infuse, further clinical uses of these products were
discontinued.

The cell-based approaches for BTE have seen tremendous
academic research; however, only a few have made it to
current clinical applications. β-Tricalcium phosphate or bio-
active scaffolds seeded with autologous adipose-derived stem
cells (ADSCs) and pre-loaded with BMP-2 showed new tissue
formation with an improved integration of the constructs
into the surrounding skeleton in 10 out of 13 patients
suffering from large cranio-maxillofacial hard-tissue
defects.239 The challenges in translation from lab to clinical
applications could be attributed to the stringent FDA
approval procedure. The FDA approval procedure for thera-
pies involving minimal manipulations of ex vivo autologous
cells is considerably easier/faster as compared with the tra-
ditional TE paradigm, which involves in vitro expansion of
autologous cells, entailing various risks as well as cost-related
burdens. Even though many studies are being conducted for
developing safe and resorbable bone substitutes, only a few
of them have reached clinical applications. This accomplish-
ment could be attributed to the thorough understanding of
the mechanisms of action of cell–material interaction, as well
as their adherence to regulatory frameworks. In fact, this is
critical in translating new concepts from the lab bench to the
bedside, tackling regulatory hurdles, and implementing
rational methodology improvements, all while ensuring a
safe and functional therapy. The U.S. FDA offers four regulat-
ory approval pathways for new therapeutic institutions:
tissues, drugs, biological products, and medical devices.194

This subdivision drags BTE into challenges, as the
approaches involved in BTE can be categorised in more than
one or even in all four regulatory pathways as discussed
above. This results in a huge difference in time span for
bringing a product to market, ranging from 3 to 7 years for a
device and up to an average of 12 years for tissue engineered
products.237,240,241
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11. Conclusion and future
perspectives

The present article gives an overview of the recent advances in
the development of biodegradable high-strength biomaterials
with the potential of being printed into patient-specific
scaffolds using various AM techniques. Though metallic
implants offer excellent mechanical and biological compatibil-
ity with a host tissue, especially for load-bearing applications,
the release of leachates in the form of toxic ions, stress–shield-
ing effects, and the painful removal through secondary surgery
limits their applications. Tissue-engineered scaffolds offer one-
time implantation with biocompatible material inside the
body. Biodegradable polymers, bioactive glasses and ceramics
have been successfully used for tissue regeneration through
resorbable scaffolds and have paved the way for extensive
research in this domain.

Despite the clinical availability of biodegradable biomater-
ials as bone grafts, they are currently used with some sort of
fixation devices to provide mechanical support during bone
growth. To address these limitations, several engineering strat-
egies have been utilized to develop promising biomaterials
and grafts with robust mechanical properties for BTE as these
biomaterial candidates can provide sufficient mechanical
stability along with bone regeneration properties. Due to the
complex design of TE scaffolds, their ultimate performance
relies on many factors, including but not limited to material
selection, pore architecture, fabrication techniques, mechani-
cal competency, surface chemistry, biological cues, etc. AM fits
perfectly when such complex design comes into the picture.
Incorporation of multi-materials in a hierarchical fashion, as
found in natural bone, can be easily done using AM tech-
niques, making it the most suitable of scaffold-manufacturing
techniques. This has motivated the research community to
modify existing biomaterials into 3D printable materials.
Depending on the final application, biomaterials are tailored
for particular AM techniques. Though there are a handful of
ready-to-use biomaterials for certain AM techniques such as
FFF and DLP printers, the limited availability of printable
high-strength biomaterials has inhibited the wide application
of 3D printing in tissue engineering. Innovative attempts such
as the use of sacrificial polymeric scaffolds for developing
metallic highly porous scaffolds using magnesium, iron, zinc,
powder have also been reported which otherwise were not
possible using conventional manufacturing techniques.
Development of composite biomaterial feed stock for various
AM techniques has seen a surge in the last few decades, with
more focus on improving the interfacial bonding between
ceramic and polymer phases. Due to the ease of use, compo-
site feed stock development for wire-based FFF techniques has
been widely adopted. Hybridization of polymers with a
ceramic skeleton such as TCP or HA has shown great potential
in improving the moduli of the composites by at least one
order of magnitude, for example, 10 times for PLA and almost
60 times for PCL. Moreover, TCP has shown a more prominent

effect on enhancing the mechanical properties than HA.
Methods such as in situ polymer reinforcement and the use of
suitable nucleating agents could be used to improve the inter-
facial adhesion through polymer grafting. However, at high
ceramic loading, the printer nozzle wears out and frequent
clogging of the nozzle occurs. DIW in this regard seems to be a
promising AM choice, and offers material flexibility to produce
ceramic–polymer composites and even green metallic scaffolds
which further require sintering. The printability of the devel-
oped composite biomaterials for a particular AM technique is
adversely affected by the loading percentage of the filler
material into the bulk matrix and therefore requires a good
understanding of biomaterials science, cell–biomaterial inter-
actions, and how these factors play a role in the eventual bone
tissue formation.

While material exploration is ongoing, considerable atten-
tion has been focussed on improving the microstructures of
scaffolds to tune the mechanical and biological performance.
Highly continuous and optimised porous TPMS structures
such as that of gyroid, and structures inspired from atomic
structures of carbon allotropes such as tubulanes are some of
the remarkably stiffer microstructures, which outperform the
conventional porous structures in terms of mechanical per-
formance. Any alteration in the microstructure parameters
such as pore shape and size, and their interconnectivity would
greatly affect the mechanical and degradation behaviour of
scaffolds; therefore, a wise evaluation of different structural
parameters is required. The use of computational methods to
predict the in vivo behaviour of such complex structures has
been very helpful and proved to be an efficient tool. The long-
term performance of all these structures has not been evalu-
ated yet, but the future looks more promising.

The investigation of the biological performance of these
scaffolds also needs to be very specific and application
oriented, in terms of cell types and microenvironment being
used. Various studies have been found to differ substantially
in terms of cell types used, making it ambiguous and more
complex to establish a unified relationship between the
scaffolds’ structure and their mechanical and biological per-
formance. Also, the biological performance should not be
limited to in vitro tests, since the in vivo results may vary sig-
nificantly depending on the microenvironment, stimulus, and
other biological factors. The use of smart materials that can be
employed for designing scaffolds using AM technologies can
help in sensing, and simultaneous responding to the cellular
microenvironment during tissue development is becoming a
reality.49 With the proper selection of infiltrated material and
incorporation of complex and load-bearing geometrical
design, hybrid composites of polymers, bioceramics and
degradable metals could be the next generation material of
choice over the established metallic bone plates, which have
the major drawback of a second surgery for the removal of
these metallic bio implants. The hybrid composite contains
calcium and phosphate ions (known for their osteointegration
abilities), which further promotes bone ingrowth. We believe
that experimental and theoretical considerations and develop-

Review Biomaterials Science

Biomater. Sci. This journal is © The Royal Society of Chemistry 2022

Pu
bl

is
he

d 
on

 0
6 

A
pr

il 
20

22
. D

ow
nl

oa
de

d 
on

 5
/5

/2
02

2 
2:

18
:5

3 
PM

. 
View Article Online

https://doi.org/10.1039/d2bm00035k


ments together would offer better prospects in terms of devel-
oping 3D-printed biodegradable grafts that one day could
replace the existing metallic alternatives for bone tissue repair
and regeneration.
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