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Abstract
This paper conceptualises an understanding of advanced manufacturing methods to develop 3D-printed metallic orthopae-
dic implants, including a brief discussion on post-process machining. The significance of Metallic Additive Manufacturing 
(MAM) and its practicality for industrial applications is discussed through a juxtaposition with conventional casting and 
machining approach. Different alloys and suitable MAM techniques are thoroughly reviewed to determine optimum operat-
ing conditions. Although MAM can produce near-net shape parts, post-processing is an unavoidable requirement to improve 
surface quality and dimensional accuracy. A comparative study is presented, highlighting the importance of machining for 
post-processing in terms of cost savings and performance. Different materials are evaluated aiming to overcome problems 
associated with existing orthopaedic implants. The consequence of bone-implant mechanical mismatch leading to stress 
shielding and inadequate corrosion properties obstructing biodegradability are explored in detail. The effect of additive 
manufacturing parameters on mechanical, corrosion, and surface properties including biocompatibility is analysed. Evidence 
of MAM’s advantages over conventional manufacturing approaches, such as the use of functionally graded lattices and 
patient-specific customised designs, is also presented. Finally, for future studies, a two-way approach is conceptualised with 
material selection and manufacturing process control in progressions of implant development using MAM.

Keywords Metal additive manufacturing · Orthopaedic implants · Stress shielding · Biodegradability · Post-process 
machining

Abbreviations
MAM  Metal additive manufacturing
3D  Three-dimensional
AM  Additive manufacturing
ASTM  American Society for Testing and Materials
ALVAL  Acute Lymphocytic Vasculitis Associated 

Lesion

USFDA  United States Food and Drug Administration
CE  Conformité Européenne
SLM  Selective laser melting
EBM  Electron Beam Melting
MJT  Material jetting
MEX  Material extrusion
PBF  Powder bed fusion
DED  Direct energy deposition
BJAM  Binder Jet Additive Manufacturing
CAD  Computer aided design
TPMS  Triply Periodic Minimal Surface
MRI  Magnetic Resonance Imaging
CT  Computer Tomography

1 Introduction

The American Society for Testing and Materials (ASTM) 
defines Additive Manufacturing (AM) as a process which 
develops a product from a three-dimensional (3D) model by 
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joining or fusing the material in a layer-by-layer fashion [1]. 
Since its inception, 3D printing/AM has been used in rapid 
prototyping and repairing of engineering components. But 
recent development has made the process capable of devel-
oping parts used in automobile, defence, aerospace, elec-
tronics, and medical applications. Industries and research-
ers are attracted towards AM techniques as they present 
development of near net shape products with commercial 
profitability [2]. Most of the conventional processes require 
additional tooling such as cutters and dies. Moreover, tra-
ditional processes like machining inflate material wastage, 
which increases overall cost of these products. In additive 
manufacturing (AM), only specific feedstock materials are 
needed for production. In contrast, traditional machining 
requires a solid block of material, which is then shaped 
into the final part. This process is not sustainable and can 
increase overall cost. Through additive manufacturing, it is 
possible to achieve flexibility in design, ultimately resulting 
in fewer manufacturing stages required to make a component 
than its traditional counterparts[3]. Different manufactur-
ing techniques have been assessed to design and develop 
3D-printed orthopaedic implants. Based on the type of heat 
source and fusion technique, MAM is briefly classified as 
direct energy deposition (DED), powder bed fusion (PBF), 
material extrusion (MEX), and material jetting (MJT). Feed-
stock used in the process can be either a wire, powder, chips, 
or a foil [4]. Different techniques are still being developed 
and assessed for varied engineering applications. There are 
still concerns on using different metal alloys and compos-
ites which opens an area for studying MAM for functional 
relevance.

Metallic alloys are most prominently used for orthopae-
dic implants in knee/hip replacement, spinal fixations, and 
temporary fixators for fractured bones. Additionally, depend-
ing on the site and pathological diagnosis like osteoporosis, 
the implants mostly require metallic parts demanding high 
structural and fatigue strength [5]. But this high strength 
comes with a compromise. Materials such as stainless steel 
and cobalt-chromium alloy possess enough strength to be 
used for different orthopaedic applications, but they have 
very high Young’s modulus compared to natural cortical 
bone causing stress shielding. This mismatch causes stress 
absorption by implants and passivation of supported bones, 
leading to an increase in osteoclastic bone degeneration 
cells, which results in reduced bone density [6]. With this 
continuous resorption, implant becomes less anchored to 
bone causing implant loosening. Titanium comparatively 
has lesser Young’s modulus than other metallic alloys in 
the range of 100–120 GPa, but still the values are not closer 
to cortical bone. The Acute Lymphocytic Vasculitis Associ-
ated Lesion (ALVAL) is an inflammatory response associ-
ated with wear in metal-on-metal prosthetics, where elevated 
level in wear induced release of Cr and Co ions from implant 

surface causes hypersensitive immune response and tissue 
damage [7]. Ceramic and polymer can be good replacement 
for metallic alloys, but the United States Food and Drug 
Administration (USFDA) does not recommend them for 
load-bearing applications. Ceramics have good wear resist-
ance, but they are fragile with inferior ductility. Polymers on 
the other hand have shown pre-operative breakage and can 
also cause inflammatory reactions around the implanted area 
[8]. These restrictions could be subdued by development 
of porous metallic alloys with lower Young’s modulus or 
ceramics with higher ductility.

The development of porous metal implants using AM 
technique is deemed possible which can reduce the impact 
of stress shielding. Arabnejad et al. [11] reported a reduc-
tion in stress shielding and its consequential bone resorption 
with development of 3D-printed porous titanium alloy. Their 
results were supported with a Digital Image Correlation 
(DIC) test and representative Finite Element (FE) model. 
Porous implants with optimised density presented reduc-
tion of 75% in bone resorption compared to conventionally 
manufactured fully dense titanium implant. Cronskär et al. 
[12] conducted a comparative study on commercial viability 
of AM for hip prosthesis. Seven implants were manufactured 
with conventional machining and Electron Beam Melting 
(EBM). Cost of production was compared by evaluating 
material price, design preparation period and overall manu-
facturing time. Considering these factors, the overall produc-
tion cost of hip prosthesis with AM was 30% less than that 
of conventional machining process. Such studies prove the 
practicality of AM to develop orthopaedic implants. Fig-
ure 1 depicts multiple processing steps involved with con-
ventional route in comparison to additive manufacturing of 
hip implant [13–15]. Table 1 represents a comparative analy-
sis of improvement in characteristic properties of MAM-
processed orthopaedic implants to traditional manufacturing 
approach; the data is theorised by summarising articles on 
manufacturing of orthopaedic implants [16–19].

2  Existing review status and current focus 
of study

We have conducted a thorough analysis to understand why it 
is important to revisit and evaluate popular subjects in MAM 
of orthopaedic implants. To perform this analysis of review 
status, the following methodical approach was considered.

1. Identify the topics being studied and under demand.
2. Map of significance, highlighting the trends.
3. Search of review article in the field of significance.
4. Identifying the need to collate with varied fields follow-

ing a directed guide for future studies.
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Fig. 1  Processing steps involved 
in conventional route and addi-
tive manufacturing of a hip 
implant [9, 10]

Table 1  Comparison of effective improvement in functionality of MAM-processed orthopaedic implants in comparison to traditional manufac-
turing process

Characteristic property Traditional process Metal additive manufacturing Improved properties

Precision and accuracy Limited by machining possibilities High precision with layer-by-layer 
control

Increased fit and functionality for 
complex shapes

Material utilisation Significant waste in subtractive 
manufacturing

Minimal waste, near net shape 
production

Cost efficiency and sustainability

Complexity and design freedom Restricted by tool access and 
machinist ability

Freedom to create complex organic 
shapes

Enhanced implant functionality with 
Improved patient outcomes and 
comfort

Customisation Time-consuming and costly Easy to produce patient-specific 
implants

Mimicking bone anatomy for 
improved fit and functionality

Mechanical properties Dependent on bulk material 
properties

Tuneable through AM process 
parameters

Tailored strength, stiffness, and 
durability

Porosity control Limited control over internal 
structures

Precise control over porosity and 
density

Better osseointegration and reduced 
stress shielding

Lead time Long lead times for complex parts Rapid prototyping and production Faster time-to-market and patient 
treatment

Surface finish Requires additional finishing 
processes

Can achieve high surface quality 
directly

Reduced need for post-processing

Biocompatibility Standard biocompatible materials Ability to use advanced, biocom-
patible alloys

Enhanced biological response and 
integration

Cost High for custom and complex parts Potentially lower for complex, 
customised parts

Lower overall costs with reduced 
waste and lead time
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NeedReview represents the need to perform the highlighted 
review.

I[T,D] is the function that identifies important [T] topics 
based on their [D] demand levels.

MS is the function that creates a map of significance based 
on the identified important topics.

R(S) is the function that searches for review articles based 
on the map of significance.

The process of first identifying key themes, then devel-
oping a map of significance, and lastly looking for review 
articles based on the map of significance is reflected in the 
theorised formula in Eq. (1). Throughout the investigation, 
we have looked for pertinent publications using Science 
Direct, Google Scholar, PubMed, IEEE Explore, Mendeley, 
ASME Digital Collection, and Web of Science. An analysis 
of research trends was conducted on the most recent studies 
spanning from 2018 to 2024.

Initially, we investigated subjects that would be of greater 
interest, using the keywords from the hot topics in metal 
additive manufacturing as presented in Fig. 2a. We have 
examined the present state of research in studies that use 
metal additive manufacturing to create a variety of orthopae-
dic implants. The following search terms were used to find 
relevant articles: biocompatible metal implant additive man-
ufacturing, additive manufacturing in orthopaedic surgery, 
advances in 3D printing for orthopaedic devices, design, 
and process advancement in metal additive manufacturing of 
implants, and additive manufacturing of materials for ortho-
paedic implants. One hundred forty-eight publications were 

(1)NeedReview = I[T ,D] → MS → R[S] examined, and VOSviewer™ was used to search for par-
ticular keywords and the study’s focus. A network and heat 
map of the most popular subjects in demand since 2018 are 
shown in Fig. 2b. The most common keywords in this field 
were porous metals for bone scaffolding, patient-specific 
implants, stress shielding, topological and generative design, 
design-induced porosity, biodegradable implants, surface 
functionalisation, bone defect repair, bone tumour curing, 
aided healing, and bone ingrowth for osseointegration.

The heat map is used to display popular subjects in order 
of prominence. Following this examination, review papers 
relevant to hot subjects in AM of orthopaedic implants are 
evaluated and subsequently categorised into themes of the 
many topics under research. Figure 3 shows our examina-
tion of the review trend in MAM of orthopaedic implants. 
In total, 74 review articles were published over six years, 
with 54% concentrating on material analysis, 12% on gen-
eral themes, and 8% each on manufacturing, design, post-
processing, and application. The need to conceptualise, a 
collated understanding of material, manufacturing, design, 
application, and post-processing of additively manufactured 
orthopaedic implants arises from noticing the trend. There-
fore, this paper attempts to bridge this gap by providing a 
comprehensive analysis with primal additional focus on 
stress shielding and biodegradability concepts in orthopae-
dic implants, which are crucial in defining the functionality 
of both temporary and permanent devices. Figure 4 illus-
trates various orthopaedic devices and the importance of 
addressing issues related to stress shielding and degradation 
in these implants.

Stress shielding occurs in implants made of high-strength 
materials with greater elasticity than cortical bone, leading 

Fig. 2  Hot topics in metal additive manufacturing of orthopaedic implants between 2018 and 2024. a Significant and b connected keywords
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to the immobilisation of bone supported by these implants. 
Natural bone growth relies on osteoclasts and osteoblasts 
cells, responsible for bone degeneration and growth 
respectively [20, 21]. The immobilisation caused by stiff 
implants inhibits the natural bone growth process, leading 
to increased osteoclast activity and reduced bone density. 
This can result in implant loosening, infections, the need for 
revision surgery, and additional complications [21].

Conversely, achieving a controlled rate of degradation is 
crucial for temporary implants to avoid the economic, staff-
ing, and patient burdens associated with surgical removal 
post-bone healing [22]. A major challenge in developing 
absorbable implants is striking a balance between achieving 
the desired corrosion rate and maintaining sufficient struc-
tural strength [23]. Additively manufactured metallic devices 
show promise in achieving this balance [24].

This review presents insights into resolving stress shield-
ing and biodegradation through metal additive manufactur-
ing, which was missing in available literature. In addition to 
discussing material selection, design methodologies, process 
control during manufacturing, and post-processing capabili-
ties, the review also proposes a roadmap for researchers to 
systematically develop orthopaedic devices with defined 
materials and manufacturing approach.

3  Orthopaedic implants

Orthopaedic devices are briefly classified as permanent and 
temporary implants. Figure 5 shows the classification of 
implants in current clinical use. Apart from hip, and knee 
replacement as signified in Fig. 5, with current technological 

Fig. 3  Review trend in 6 years 
for MAM of orthopaedic 
implants in 74 review articles

Fig. 4  Problem associated with 
stress shielding and bioabsorp-
tion in orthopaedic implants
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advancements, development of shoulder, ankle, wrist, and 
finger joints have been possible [25]. Artificial joints and 
prosthesis fulfilling the need of a damaged or deceased bone 
are termed as permanent implants. They tend to remain in 
patient’s body for their whole lifespan. The need for ortho-
paedic implants and devices is also increasing due to growth 
of global ageing population [26]. Upsurge in obesity and 
injuries related to sports are also a major reason. Increasing 
elderly population require a total hip or knee replacement to 
support healthy lifestyle. Farrow [27] predicts the require-
ment of hip arthroplasty in Scotland to increase by 27% in 
2038. Avascular Necrosis, Arthritis and Osteogenesis are 
some bone diseases contributing to growing demand for 
joint replacements in young and middle-aged population 
[28]. Rise in demand for joint replacement is a major con-
cern in the United States; more than 50% of joint replace-
ment patients are under the age of 65 [29]. In general, the 
need and demand for permanent implants is increasing and 
is not a factor depending on age.

Temporary fixators are the other classification of ortho-
paedic implants with rising demand. They are used to sup-
port and fix distorted or fractured bone. Screw, pins, plates, 
and wire are used to hold fragmented and deformed bones. 
Where fractured long bones are held using an intramedul-
lary rod. These implants in some cases are required to be 
removed surgically on completion of bone healing period of 
usually 4–16 weeks [30]. Existing trends point towards the 

development of bio-degradable fixators. Materials that have 
very high Young’s modulus are currently used which require 
a revision surgery to remove fixator after the bone healing 
period. ActivaPin™ is a poly(l-lactide)-co-glycolic acid 
(PLGA) bioabsorbable implant produced by Bioretec®, used 
in clinical practice to fix hammer toe fractures. But imple-
mentation of degradable polymers for other fixation implants 
is yet uncertain, as they have low load-bearing strength [31]. 
Researchers are also working on developing magnesium 
and calcium-based bio-degradable bone and spinal fixators. 
MAGNEZIX®(Mg-Y-RE-Zr) are European Conformity 
(CE) approved magnesium alloy currently in human trial 
used as absorbable screws in spine and elbow fracture [32]. 
Different metallic materials are still under study, accessed to 
be used as biodegradable orthopaedic implants.

4  Orthopaedic implants—materials 
for additive manufacturing

Stainless steel, titanium, and cobalt chromium alloys 
are most widely used metallic materials for orthopaedic 
implants. Polymers and ceramics have also been under 
study. Considering the significant concerns of stress shield-
ing in permanent implants and biodegradability in temporary 
implants, MAM is an emerging and highly relevant technol-
ogy currently employed to address these issues. USFDA is a 

Fig. 5  Classification of 
orthopaedic implants: A hip 
prosthesis, B knee prosthesis, 
C fixation plates, D screws, E 
pins, F wires, and G intramed-
ullary rod [25]

Table 2  USFDA approved metals for orthopaedic implant application [34]

Metal implant type Clinical application Implant duration FDA cleared alloys/metals

Bone fixation Plates, screws, wires, pins, and rods Temporary/permanent Titanium, stainless steel, 
nickel-titanium, silver, 
gold, platinum

Prosthesis Hip prosthesis, knee replacement Permanent Titanium, cobalt-chro-
mium, stainless steel, 
nickel alloys
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global regulatory body which follows a stringent process of 
evaluating materials for medical device applications. They 
have published list of approved metallic materials used for 
orthopaedic implants and devices. Table 2 presents list of 
materials currently in use and their application (last updated 
in July 2024). Apart from the following list of approved 
materials, FDA also suggests the use of magnesium alloys, 
but its approval is still subject to long term human trial stud-
ies [33].

4.1  Permanent implant materials

SS316 stainless steel is used for both fracture fixation and 
permanent prosthesis. Although they have been in use for a 
long period, recent studies show that these metallic alloys 
release Ni and Cr which are toxic and can cause dermati-
tis skin infection. American Society of Testing Materials 
(ASTM) recommends the use of SS316L due its lower com-
position of carbon resulting in lower overall stiffness [35]. 
Titanium and its alloys are another group of metallic materi-
als, where Ti-6Al-4 V is well established for use in dental 
and orthopaedic applications. Even this class of metallic 
alloys are considered cyto-toxic as they release Al and V 
in long implantation which can cause serious illness like 
Alzheimer’s disease [36]. Development of Ti-15Zr-4Nb-4Ta 
alloy resulted in comparatively less toxicity.

Chromium cobalt alloys particularly Co-28Cr-6Mo and 
Co-26Cr-6Mo-0.2C have been in use for knee replacements 
prosthesis. Reports on additive manufacturing of these mate-
rials prove development of similar alloy composition with 
lower ultimate tensile strength and reduced percentage of 
fracture elongation, contributing to reduced stress shielding 
[37]. Tantalum (Ta) alloys have self-passivating capacity, 
where the ions procreate forming an anti-corrosive barrier 
to body fluids. But the applications of Ta are limited due 
to their high manufacturing cost associated to their high 
melting point of 3017 °C [38]. Although traditional metal-
lic alloys possess high stiffness and strength contributing to 
stress shielding, they possess excellent corrosion and wear 
resistance which are significant for biocompatibility [39]. 
The development of porous class of these metals using addi-
tive manufacturing can invariantly reduce stress shielding 
effect. These classes of porous implants are considerably 
better than polymeric materials like PEEK and highly brittle 
calcium phosphate ceramics, since they can be ineffective in 
terms of either being toxic or brittle. Therefore, this review 
emphasises on studying manufacturability of metal alloys 
for orthopaedic applications. Reports on developing com-
ponents from 316L stainless steel, Ti-15Zr-4Nb-4Ta, and 
Co-26Cr-6Mo-0.2C using electron and laser-based additive 
manufacturing techniques are now available in the literature 
[40, 41].

Zirconium metal and its alloys have been used for total 
hip and knee arthroplasty applications [42]. They are also 
reported on being utilised as osteosynthesis plates for dia-
physeal fractures. Alloying or coating of zirconium oxide 
with titanium and stainless steel are correspondingly 
employed as they possess excellent corrosion resistance 
[43]. Although zirconium shows higher significance for 
being used as orthopaedic implants, its development with 
additive manufacturing is limited due to its pyrophoric prop-
erty and high reactive nature [44]. However, direct energy 
deposition technique has been employed to use zirconium as 
coating over titanium and cobalt chromium alloys effectively 
improving their biomechanical properties [45].

4.2  Temporary implant materials

Temporary implants are used for a particular period and then 
removed after bone healing through revision surgery, which 
is inconvenient for patient and surgeon alike. USFDA has 
approved polymeric and ceramic materials only for non-
load-bearing applications for screws, nails, and pins. Metal-
lic components such as magnesium, zinc, and iron with the 
alloys of calcium, strontium and ytterbium are being studied 
to be implemented for compressive applications [46]. CE has 
approved some class of magnesium alloys for biodegrad-
able implant application, where MAGNEZIX® implant is 
a prime example.

Magnesium alloys are gaining tremendous interest since 
they are non-toxic, and their mechanical strength is com-
parable to natural cortical bone. High corrosive property is 
the major hinderance which limits the use of Mg for high 
strength orthopaedic applications. Coating and alloying 
of Mg with different materials have however resulted in 
improvement of its degradation property [47]. These alloys 
and composites find application in temporary implants for 
bone plates, screws, and cardiovascular stents. Powder bed 
fusion technique of laser beam melting has been employed 
to additively manufacture Mg alloys [48]. Esmaily et al. [49] 
conducted a study on additive manufacturing of WE43 Mg 
alloy using SLM technique, where influence of zirconium 
oxide in the alloy microstructure and non-uniform composi-
tion resulted in higher rate of corrosion. They suggested to 
conduct a study to further understand and control the pow-
der characteristics wherewith corrosion resistance could be 
improved.

Iron and its alloys have also been in use for temporary 
implant applications, but their degradation rate is slower 
compared to bone healing period. Different approaches have 
been attempted ranging from alloying and coating to suitably 
control their bio absorption. Wegener et al. [50] conducted 
an experiment to study osteo compatibility of porous iron-
based implant. Studies revealed new bone growth in cel-
lular spaces with sign of brief implant degradation. Further 
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studies on iron-based open cellular biomaterials for high 
load-bearing temporary implant devices were suggested. Li 
et al. [51] reported the first ever additive manufacturing of 
functionally graded topologically designed porous iron for 
biodegradable implant application. These porous implants 
presented 5–16% weight loss in 4 weeks, which is below the 
required range for bone substitution. Zinc is another class of 
metallic material used as a biodegradable implant. Corrosive 
property of it lies between Mg and Fe. Their degradation 
rates are higher than those of Mg and lower than Fe, making 
them suitable material for temporary implant applications 
[52]. However, the daily safe dose of Zn in human body is 
much lower than that Mg, making them a good alternative 
only for small devices [53]. Additively manufactured Zn are 
extremely mushy and porous since they have low melting 
point and vaporisation temperature. Demir et al. [54] pro-
posed the use of open chamber selective laser melting with 
inert gas jet flow over powder base to develop Zn parts with 
over 99% density.

Table 3 lists different metals currently being investigated 
and corresponding MAM technique used to manufacture the 
orthopaedic implants. 316L SS, Ti, and Co-Cr alloys are 
mostly investigated for permanent prosthesis as they present 
high mechanical strength and sufficient wear resistance for 
long term use in joint implants, although ceramics implants 
are considered the best alternative where high wear resist-
ance is required, where Fe, Mg and Zn are studied for tem-
porary applications as they are soft materials susceptible to 
degradation. Although these materials show improved char-
acteristics, the problem of mechanical mismatch between 
metallic alloy and cortical bone for permanent implant and 
controlled degradability for load-bearing application in 
temporary implant is still not solved. This opens an area of 
study to further optimise and analyse MAM for suitability of 
diversified implant application for clinical use. Table 4 rep-
resents different materials including polymer, ceramic, and 
metals with their comparative properties to Bone’s elastic 
modulus and yield strength. A comparison of convention-
ally (CM) and additively (AM) manufactured metal is also 
presented.

5  Orthopaedic implants—metal additive 
manufacturing techniques

Powder bed fusion (PBF), direct energy deposition (DED), 
material extrusion (MEX), and material jetting (MJT) are 
broadly categorised metal AM techniques used for implant 
manufacturing. Figure 6 represents schematics of these pro-
cess with their advantages and shortcomings. PBF is divided 
into selective laser melting (SLM) and electron beam melt-
ing (EBM) based on the energy source. SLM uses a laser 
to melt metal powder in an inert gas atmosphere, where 

producing amorphous metals is its unique advantage with 
faster cooling. However, issues like cracks and high residual 
stress in SLM led to the development of EBM. Introduced 
by Arcam in 1997, EBM uses an electron beam in a vacuum 
chamber, reducing oxidation and producing denser parts. 
Despite higher manufacturing costs and limitations with 
certain materials, EBM is very popular with its significant 
advantages in achieving minimised residual stress and pro-
cess-induced defects like cracks.

DED involves simultaneous melting and deposition of 
metal powder using a laser or electron beam. It is efficient 
for large build volumes and is very beneficial for coating 
and repairs. Binder Jet Additive Manufacturing (BJAM), 
developed by MIT and commercialised in 2010, uses a pow-
dered base material and a liquid binder. BJAM allows faster 
printing without support structures and uses coarse powders, 
reducing costs. However, products require extensive post-
processing, including sintering, to address shrinkage and 
porosity, limiting their suitability for intricate engineering 
applications.

Each technique has unique advantages pertaining to their 
process parameters, influencing their application in implant 
manufacturing. Table 5 represents specific process param-
eters for these techniques and their relevant significance.

PBF is the commonly used 3D printing technique, since 
its highly manageable and parts produced through this pro-
cess have comparably better properties to their conventional 
counterpart. More reports are published with use of SLM 
since it provides better geometrical tolerance compared with 
EBM, and better structural properties compared to BJAM. 
Lewin et al. [119] compared additive manufacturing perfor-
mance of titanium mesh produced by EBM and SLM with 
µCT analysis. Their study revealed a 13–35% deviation in a 
cross-sectional area to design geometry for EBM produced 
part, where the range of deviation exhibited by SLM parts 
were below 2%. Figure 7 represents dimensional accuracy 
of SLM over EBM.

Although EBM has difficulty in processing with higher 
dimensional accuracy, their parts possess less residual stress, 
higher strength, and lower contamination by gasses in final 
product, which is a major advantage considering the produc-
tion of orthopaedic implants. Considering their exceptional 
processibility, studies examining the geometrical character-
istics of EBM produced parts to improve and optimise them 
is of utmost importance. Béraud et al. [120] conducted a 
study to improve dimensional accuracy for small parts pro-
duced by EBM. They conducted a simulation displaying 
dependence of beam diameter on focus current. Further opti-
misation of beam trajectory resulted in reduction of manu-
factured and nominal diameter difference to 61.2%. More 
studies on optimising and improving dimensional accuracy 
will facilitate in increasing process capability of EBM for 
smaller parts.
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5.1  Manufacturing and design developments

Orthopaedic implants vary in shape and design depend-
ing on end application. Topology and porosity vary in 
accordance with the specific requirements. Cortical bone 
implants, which are intended to carry and support function 
of a dense bone, require parts with high strength, in the 
order of 90–209 MPa, whereas cancellous or trabecular bone 
implants used as scaffolds are required to be porous with 
comparatively lower strength in the range of 1.5–45 MPa 
[121]. Different bone structures in a femur can be seen in 
Fig. 8.

MAM facilitates the development of metallic parts with a 
wide range of porosity, mimicking original bone structures. 
Conventional and other advanced manufacturing methods 
like liquid state processing, powder metallurgy, electron and 
vapour deposition can produce porous metallic parts, but 
range and order of pores are completely random. Although 
the percentage of porosity can be controlled to some extent, 
the geometry of pores is mostly irregular. With topological 
optimisation of MAM, pores with predefined external shape 
and internal architecture can be designed [123]. As seen in 
Fig. 8, realisation of parts with graded pores mimicking (a) 
head, (b) neck, and (c) metaphysis structures is possible with 
MAM.

Table 4  Material properties of metals in comparison to bone, 
ceramic, and polymer

Material Elastic modu-
lus (GPa)

Tensile 
strength 
(MPa)

References

Bone 10–30 50–150 [94]
Ceramic—alumina 415 665 [95]
Polymer—PEEK 3.95 103 [96]
Stainless steel—AM 150–180 500–1100 [97]
Stainless Steel—CM 190–210 520–1100 [98]
Titanium—AM 90–110 700–950 [99]
Titanium—CM 100–120 900–1000 [100]
Co-Cr—AM 210–220 800–1200 [101]
Co-Cr—CM 220–230 900–1300 [102]
Tantalum—AM 185–200 200–400 [103]
Tantalum—CM 190–210 300–500 [104]
Zirconium—AM 88–100 330–700 [105]
Zirconium—CM 100–110 500–900 [106]
Magnesium—AM 40–45 150–250 [107]
Magnesium—CM 45–50 200–300 [108]
Zinc—AM 70–100 100–200 [109]
Zinc—CM 100–110 500–900 [110]
Iron—AM 200–210 200–350 [111]
Iron—CM 210–220 250–400 [112]

Fig. 6  Metal additive manufacturing techniques with their significant advantages and shortcomings [113–116]
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Topological optimisation is a design strategy, where geo-
metrical structure and features are graded with relevance to 
user specific requirement. Finite Element Method (FEM) is 
currently employed to topologically optimise the design in 
accordance with suitable structural and mechanical property 
necessities. This technique has been implemented to develop 
improved implant designs for both porous and non-porous 
applications.

Carnicero et al. [124] performed a topological optimisa-
tion for additive manufacturing of Ti-6Al-4 V subperiosteal 
maxillary atrophy implant. They analysed implant design 
with 2-phase FEM based topological optimisation. FEA 
analysis was performed on implant’s geometry consider-
ing loading cases for critical and standard chewing forces; 
additionally, effects of fastening conditions were also stud-
ied. This simulation was used to critically analyse portions 

Fig. 7  Geometrical variance 
observed in parts processed 
through EBM and SLM a cross 
section area comparison of 
laser (blue) and electron (green) 
beam processed parts with cad 
geometry (black), b electron 
beam processed part in compar-
ison to c laser beam for tensile 
specimen, and d cranial implant 
geometry under study[119]

Fig. 8  Femur bone with dif-
ferential a head, b neck, and c 
metaphysis structures [122]
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of implants that could be altered, attaining a modified new 
lower volume part. Designs developed through this process 
resulted in 28% volumetric reduction and eliminated the 
requirement of two fastening screws. The study also showed 
the optimised designs performing well under tensile-com-
pressive and fatigue conditions. This flexible design strategy 
led to successfully manufacturing of implants with better 
properties and less production cost, made possible through 
MAM.

Considering the capability of MAM in manufacturing 
complex designs, TPMS (Triply Periodic Minimal Surface) 
are gaining significant attention. These designs offer a unique 
combination of high strength, lightweight structure, and large 
surface area, which are essential for implants. TPMS struc-
tures can be precisely tailored to match the mechanical prop-
erties of natural bone, thereby reducing stress shielding and 

promoting better integration with the biological tissue. Addi-
tionally, the porous nature of TPMS designs enhances osse-
ointegration and vascularization, improving the overall suc-
cess rate of orthopaedic implants. This innovative approach 
in MAM allows for customised, patient-specific solutions, 
significantly advancing the field of medical implants.

In TPMS designs, one open cellular unit cell of minimal 
surface design is used in a continuous repeated order to form 
a porous part. Gyroid, Schwarz, Neovius, and D-Prime are 
four major types of TPMS architecture. Amongst the differ-
ent designs, network solid gyroid structure is most suitable 
for biomimicry of orthopaedic implants. These structures 
have interconnected pores and provide better control of pore 
volume fraction [125]. Mathmod is a computer software 
which supports visualisation and manipulation of different 
TPMS models by mathematical equation.

(2)Gyroid surface ∶ F(x, y, z) = ���(x) ∙ ���(y) + cos(y) ∙ sin(z) + cos(z) ∙ sin(x) + �

Equation (2) represents a simple gyroid unit cell [126], 
where α is an iso function which controls the porosity in 
the TPMS. Higher α values result in larger pore diameter 
and distance between gyroid surfaces [127]. x, y, z are the 
cartesian coordinates of surface points. The upper and lower 
limits of the coordinates are dictated by the required size of 
the TPMS cell. For example, for a sphere of radius 4, x, y 
and z can be between − 4 and 4.

Figure  9a shows the gyroid unit cell designed with 
Mathmod, and Fig. 9b shows a 9 × 6 × 12-mm block of scaf-
fold designed with 3-mm network gyroid structure. Mechan-
ical analysis of additively manufactured TPMS parts shows 
improved fatigue property due to curvature of struts, and at 
nodal points, stress concentration caused by defects is also 
reduced. TPMS-based parts have proven to provide better 
chances to inherit biomimicry with possibility of designing 
intricate porous architecture [129]. Yan et al. [130] analysed 
manufacturability of TPMS design using Ti-6Al-4 V with 

SLM. They developed samples having 80 to 95% of poros-
ity which showed experimental elastic modulus in the range 
of 0.15 to 1.3 GPa. Where their prediction with regression 
model presents capability to produce TPMS design using 
Ti with 5 to 10% porosity having elastic modulus closer to 
cortical bone, which can be used for load-bearing implants 
without inducing any stress shielding effect.

One of the major advantages of MAM is possibility of 
producing patient-specific implant. Images obtained through 
Magnetic Resonance Imaging (MRI) and Computer Tomog-
raphy (CT) can be used as a 3D model for additive manufac-
turing. Implants produced by this technique can be of exact 
fit and dimension suitable for a particular patient [131]. Osi-
riX imaging, 3D Slicer, Mimics, and In Vesalius are software 
packages which have been used earlier to convert a CT/MRI 
image into 3D model suitable for additive manufacturing 
[132]. Edelmann et al. [133] presented the potential of devel-
oping patient specific osteosynthesis implant using SLM. 

Fig. 9  a, b Gyroid and TPMS 
designed scaffold [128]
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These implants displayed high fitting accuracy and sufficient 
mechanical properties suitable for orthopaedic application. 
The development of such customised implants can lead to 
the elimination of pre-operative procedure like bending, cut-
ting, or shape trimming of conventionally designed bone 
plates. Production of these personalised implant followed 
a five-stage process of Image acquisition using CT, image 
segmentation, Standard Tessellation Language (STL) file 
processing, CAD construction, and additive manufacturing.

Figure 10 represents digital process plan followed to 
physical realisation and additive manufacturing of custom-
ised osteosynthesis implants. Initially CT scan of tarsal feet 
fracture was used for image acquisition. In Vesalius pro-
vided segmentation and conversion of CT image to a 3D 
model. Autodesk Meshmixer aided in developing a defined 
3D model with closed open surface area. CAD file suitable 
for additive manufacturing was finally developed using 
Autodesk Enabler. These intricately followed step by step 
multi software, digital to physical process chain enabled 
development of patient specific additive manufacturing of 
osteosynthesis implants.

6  Post‑processing of orthopaedic implants

Powder bed fusion additive manufacturing can successfully 
develop near net shape implant devices. But the surface 
finish is often substandard requiring additional post-pro-
cessing. Depending on application, implants require differ-
ent grade of surface finish. Surface properties like micro-
structure, roughness, and topography play a vital role in 

biocompatibility of implanted devices. Osseointegration is 
a four-stage biological process defining cell surface integra-
tion of bone-implant interface. Soon after the surgery, bone 
and implant gap are filled by coagulated blood. This blood 
coagulation further recruits phagocytic or white blood cells 
to remove necrotic or dead tissues. They also attract new 
multipotent mesenchymal cells, which migrate to implant 
surface resulting in osteo conduction, forming a thin layer 
of bone cells. Less than 1 mm of minimal distance between 
implant and host bone surface is required to provide proper 
anchorage. The thin layer of mesenchymal cells further dif-
ferentiates into osteoblast which result in woven bone forma-
tion after 4 to 6 weeks. These woven bones later get replaced 
by more mature and structurally strong lamellar bone. Opti-
mal osseointegration is a function of material and surface 
property of an implant [134].

Highly polished fine finish is required for temporary 
implants like plate and screws and permanent implants like 
hip and knee prosthesis, where friction can induce corrosion 
and metallic wear. On the other hand, scaffolds are needed to 
possess rough surface to initiate and support bone ingrowth. 
Different applications require varying medium of post-pro-
cessing. Figure 11 represents requirement of surface rough-
ness values for different types of implants. Acetabular cup 
and femoral head components of a total hip prosthesis are in 
regular contact inducing friction causing material debris due 
to wear. ISO 7206–2 suggests surface characterisation and 
maximum allowance of surface roughness for optimal suc-
cess of Total Hip Arthroplasty (THA). Recommended average 
roughness (Ra) value for femoral head component is 0.05 µm, 
where for acetabular liner it is to be under 2 µm [135].

Fig. 10  Digital to physical process chain for MAM of patient specific implant [133]
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Hayes and Richards [136] postulated a hypothesis rec-
ommending temporary implant to possess Ra in the range 
of 0.2 to 2  µm for achieving optimal osseointegration. 
These implants are either required to be biodegraded or 
removed with revision surgery upon completion of bone 
healing period. They conducted an in vitro analysis of their 
hypothesis, with microrough and smooth surface fracture 
fixation implants. Temporary implants with smooth surface 
avoid bone overgrowth facilitating easy biodegradation and 
implant removal, whereas rough surface fixators increased 
bone contact, adding difficulty in implant removal and com-
plete degradation. Fracture fixation devices in contrary to 
permanent implants do not require complete osseointegra-
tion. Therefore, in accordance with the experimental valida-
tion, the hypothesised range of roughness parameter is well 
suited for successful implantation of screws and plates for 
osteosynthesis application.

6.1  Available methods in surface post‑processing 
of MAM parts

Techniques ranging from sand blasting, grinding, abrasive/
electropolishing, and finish machining have been imple-
mented for surface post-processing of orthopaedic implants. 
Inherent aim of these techniques is to improve materials’ 
aesthetics, wettability, and corrosive properties. In MAM, 
this is achieved by following a sequential order. Initially sup-
port structures are removed, followed by removal of exces-
sive powders. Additional features are needed to be devel-
oped if required. Surface finish is the most important step 
as 3D-printed materials have very rough surface of order 
7 ± 1 µm [140]. Further coating is also applied in accordance 

with the requirement. Post-processing technologies are 
broadly categorised into two groups, namely mechanical 
and chemical methods.

Mechanical methods include grinding, lapping, polish-
ing, sand blasting, and machining. Grinding, lapping, and 
polishing can develop parts with very low surface rough-
ness, where machining has a capability of improving surface 
quality and developing additional features when required. 
Chemical methods such as coating, electropolishing and 
etching must be selected by considering their end effects on 
material biocompatibility, as the reaction can induce forma-
tion of surface level toxic layer.

Surface texture and topography are analysed to charac-
terise the surface properties. Roughness, waviness, lays, and 
flaws are measurable characteristics used to analyse the sur-
face quality. Roughness is a measure of vertical deviation 
from primal surface, where Ra and RZ are numerical param-
eters used to represent their average degree of difference. 
These amplitude parameters are most common measure 
used for studying surface topography of orthopaedic implant 
[141]. Surface waviness is horizontal measure of spacing 
between adjacent local peaks; these irregularities are formed 
due to work-piece deflection, improper damping causing 
vibrations, and heat treatment effects. Lays are directional 
surface textures formed due to the nature of manufacturing 
process. Flaws are cracks, scratches and inclusions effect-
ing properties like corrosion and fatigue. Surface topogra-
phy and texture are function of material characteristics and 
nature of process. They vary in accordance with the initial 
and post-manufacturing process. Mechanical stylus, optical 
interferometry, and microscopy are three characterisation 
techniques used to measure surface properties.

Fig. 11  Roughness requirements for osseointegration of different implant [137–139]
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Teo et al. [142] characterised surface properties on dif-
ferent post-processing methods of additively manufactured 
Cellular Metallic Material (CMM) 316L stainless steel for 
biomedical application. CMM are porous parts with well-
defined architecture of pores formed by repetitive unit cell. 
A sequential process starting from sand blasting, abrasive 
polishing, to electropolishing was conducted to effectively 
improve surface properties of internal and external features 
of the CMM part. The as-printed part revealed partially 
molten particles causing high surface roughness. Figure 12 
shows findings from each post-processing methods of Teo’s 
study. A need for further study is required to improve post-
processing strategy for additively manufactured CMM parts 
having better surface roughness with less surface defects. 
Moreover, the presented strategy is not time or cost effec-
tive. A need for single step post-processing method capable 
of improving surface quality is emphasised by this study for 
economic feasibility.

6.2  Why machining post‑MAM?

Post-processing studies on MAM is still in early stage of 
investigation, with varied available options. Mechanical 
machining has overhand to other techniques in terms of 
being a well mature process involving decades of research 
providing ability to optimise the process for achieving tar-
get surface and bulk properties. Problems discussed in the 
previous section such as peel off layer, pits, and microcracks 
can be managed with machining in a single process making 
it an efficient choice. Figure 13 in overall represents how a 
clean defect free surface is achievable with surface milling, 
also representing cost economics proving financial benefit 

of using machining as post-processing technique for MAM 
parts. Figure 13a represents rough surface with irregular 
topography of a MAM part, where a clean surface with pos-
sibly lowered surface defects can be obtained with machin-
ing. Although some surface marks and micropits are still 
visible in Fig. 13b, they can still be managed by optimising 
machining process parameters, and moreover, more severe 
surface defects like peel off layer, larger pits, and cracks 
are eliminated by a single process in machining proving its 
efficiency over other post-processing methods.

Maleki et al. [143] compared different material and non-
material removal based mechanical, and laser techniques 
with coating and hybrid processes. A comparative study 
was conducted with a cost analysis matrix having time and 
money as the key factor each with a score from 1 to 5. Each 
treatment was ranked in accordance with author’s experience 
and knowledge. Figure 13c, d depicts the comparative table, 
where machining is associated with the highest rank con-
tributing to their lowest score for time and money. A study 
by Grzesiak et al. [144] compares traditional machining and 
hybrid processes involving additive manufacturing (AM) 
followed by machining. The findings suggest that for unit 
production, using hybrid processes with AM and machin-
ing is more cost-effective than traditional machining alone. 
These kinds of studies only prove significance of machining 
over other techniques in terms of functionality and cost.

Permanent prosthetics functioning as joint implant 
undergoes material wear because of being in continuous 
interaction. Metal on metal joints has the highest wear rate, 
whereas combinations of metal on poly, ceramics on poly, 
and ceramics with ceramics are currently in use which show 
higher wear resistance [145]. In healthy joints, synovial fluid 

Fig. 12  Target objectives and setbacks of conventional post-processing techniques [142]
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comprising an electrolyte solution of protein and lipid acts as 
a natural lubricant. Machining of micropits on the surface of 
joint implants has shown development of a mixed lubricat-
ing concept, these machined pits act as microhydrodynamic 
bearing [146]. Figure 14 shows microfeatures machined over 
metallic femoral head acting as a lubricating surface reduc-
ing direct contact and friction, resulting in reduced wear, and 
increased in-life span of hip implant[147].

Gokuldoss et al. [118] conducted a study on post-process 
machining of turning additively manufactured (AM) stain-
less steel, focusing on how machining parameters influence 
various properties crucial for medical applications. They 
examined the effects of cutting speed, depth of cut, and 
feed rate on porosity, surface quality, microstructure, and 
microhardness.

Figure  15 illustrates the impact of these machining 
parameters on the surface properties of AM parts. The 
machined parts showed an 88% reduction in surface rough-
ness compared to as-printed stainless steel, as shown in 
Fig.  15a. Additionally, machining significantly affects 
microstructure and microhardness. The strain-hardened layer 
formed during machining reduces surface and subsurface 
porosity, enhancing the material’s fatigue and wear resist-
ance. Moreover, machining produces smaller grains on the 
surface, increasing microhardness, as depicted in Fig. 15b. 
With cutting speed, the size of cellular grains is also increas-
ing as depicted in Fig. 15c. This refinement in microstruc-
ture is due to the increase in dislocation density, which is 
caused by the higher surface stress associated with increased 
cutting speed.

Fig. 13  a As-built 3D-printed surface with residual particles. b Machined part with no defects and high surface finish. c Cost analysis matrix for 
different post-processing techniques. d Mechanical machining ranked the highest for least time and money [143]

Fig. 14  Machined microfeatures reducing friction between metal-on-metal implants [148]
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Therefore, machining not only improves surface rough-
ness but also refines surface-level properties such as poros-
ity, wear resistance, corrosion resistance, and microhardness. 
This highlights the capability of machining to enhance the 
overall performance of additively manufactured stainless 
steel for medical applications.

7  Effects of MAM parameters 
on functionality of orthopaedic implants

Biocompatibility of a material accounts for its ability to 
possess required biological, and functional properties to 
perform proficiently under demanding physiological con-
ditions, without causing any detrimental response in the 
body [149]. Permanent implants require parts with wear 
and corrosive resistance, possessing mechanical properties 
matching cortical bone eliminating stress shielding. Bone 
grafting scaffolds are required to have mechanical properties 
matching cancellous or cortical bone depending on its area 
of usage. Temporary implants demand mechanical proper-
ties matching cortical bone with an ability to absorb/degrade 
in accordance to bone healing period. Apart from possess-
ing mechanical and corrosive properties, these implants also 
require relevant biological properties to eliminate toxicity 

and promote osseointegration [150]. Figure 16 represents 
essential properties required for effective functioning of an 
orthopaedic implant.

Biocompatibility of implants is function of material char-
acteristics and their manufacturing process. MAM is a layer-
by-layer processing techniques which induces anisotropic 
properties, where finish machining has considerable effect 
on surface property, corrosion, and fatigue. MAM process 
undergoes complex cyclic thermal history from directional 
heating, repetitive melting, fusion, and rapid solidification 
[151]. This induces directional changes in microstructure 
resulting in material heterogeneity and anisotropy. Process 
specific defects like pores, high surface roughness, and 
unfused layers also contribute to change in material proper-
ties [152].

MAM process parameters like deposition rate, beam size 
and power, build environment, processing temperature, and 
scanning strategy have effects on microstructure and func-
tional property of additively manufactured material [157]. 
Figure 17a–d presents an overview on effects of different 
MAM process parameters on material anisotropy. Deposi-
tion or powder feed rate influences the nature of grain mor-
phology. Wang et al. [153] noticed more equiaxed grain on 
laser melt deposition of titanium alloys with high deposition 
rate as depicted in Fig. 17a, where columnar grain increased 

Fig. 15  Effects of machining: a feed rate on surface roughness, b depth of cut on microhardness, and c cutting speed on microstructure—com-
parison of machined and as print stainless steel [140]
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with decrease of deposition rate. Larger melt pool geom-
etry and higher scanning velocity resulted in development 
of higher equiaxed grain depicting this a process-dependent 
effect.

Unoptimised beam size and power can result in over-
heating or evaporation of metal powders. Keyhole porosity 
is welding like defect developed in MAM, due to vapor-
ised bubble trapped in a metal pool [154]. Difference in 
process and gas induced porosity can be appreciated with 
Fig. 17b. Directional formation of such defects inherently 
affects materials, developing anisotropic property. Uncon-
trolled build environment in MAM can lead to absorption 
of impurities; this gives rise in need to regulate the pro-
cess under inert gas or vacuum atmosphere. But increased 
pressure under very high vacuum environment can lead to 
increased vaporisation resulting in heterogeneity of material. 
Ferrar et al. [158] also presented effects of inert gas flow 
rate and pathway on porosity of MAM-processed material. 
Their study proved more consistent gas flow resulting in 
lesser porosity and better compressive property, for porous 
Ti manufactured through SLM.

Change and difference in processing and substrate tem-
perature can give rise to high magnitude of residual stress. 
Wang et al. [159] characterised residual stress as an effect of 
processing temperatures and presented a heterogeneity along 
X and Y plane of EBM processed Ti-6Al-4 V. Variation in 
residual stress along different points in X and Y plane can be 
seen in Fig. 17c. Different modes of scanning strategies rang-
ing from bi-directional, zig zag, and checker box are used in 
MAM. These scanning strategies influence crystal structure 

as it effects direction of thermal gradient. Helmer et al. [156] 
presented dependence on formation of equiaxed or columnar 
grain on scanning strategy. Figure 17d is a microstructural 
image showing columnar and equiaxed grain morphologies 
resulting with difference in scanning strategy.

7.1  Managing defects in MAM—process control 
and heat treatment

Process-induced defects result in causing detrimental effects 
on fatigue life of MAM parts. With layer-by-layer manu-
facturing, process parameters play very crucial role on the 
microstructure and inherent related functional properties. 
Residual stress and anisotropy are such defects which are 
consequential part of rapid heat-cooling cycle in 3D-printed 
metallic part [160]. Scanning strategy and resultant differen-
tial cooling play a defining role for material anisotropy. Fig-
ure 18a represents a consequence of build-up residual stress, 
where a part distortion can occur during or post-build. EBM 
with slower cooling rates and pre-heated build plate result 
in development of parts with relatively reduced anisotropy 
and residual stress compared to SLM. Scanning strategies 
can effectively reduce residual stresses in Laser Additive 
Manufacturing (LAM). Zhan et al. [161] analysed effects 
of different scanning strategies as depicted in Fig. 18b, c, 
where island scanning showed 45% overall reduced resid-
ual stresses than line scanning strategy. Their study showed 
reduction in transverse residual stresses for LAM build Ti-
6Al-4 V from 63.3 to 31.3 MPa, where longitudinal stress 
relaxation was from 281.4 to 124.6 MPa.

Fig. 16  Vital properties for a 
functional orthopaedic implant 
[150]
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Where process control can be beneficial for managing 
residual stress, heat treatment with high temperature and hold 
time can relax stresses resulting in more isotropic proper-
ties in the 3D-printed metals. Apart from relaxing stresses, 
post-process heat treatment is beneficial in modifying grain 
morphology, inducing precipitates, and recrystallization 
improving multiple functional properties [162]. Figure 19 

signifies changes in (a) grain morphology, (b) precipitation 
and (c) residual stress with heat treatments of SLM-processed 
stainless steel, where grain size increased from 17.6 µm in as 
SLM part to 23 µm after heat treatment. Increased precipita-
tions were noted along grain boundaries after heat treatment. 
Residual stresses also decreased along both transverse and 
longitudinal directions with heat treatment.

Fig. 17  Effects of MAM process parameters on material properties: a deposition rate vs grain growth, b process-induced porosity, c non-homo-
geneous residual stress, and d effect of scan strategy on grain morphology [153–156]
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Fig. 18  a Build-up residual stress in SLM, b scanning strategies, and c effects of scanning strategies on residual stress [160, 161]

Fig. 19  Heat treatment effects on SLM: a grain size, b precipitation, and c residual stress [162]
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As depicted in Fig. 20, microstructural defects like (a) lack 
of fusion and (b) gas pores can act as stress concentration 
points causing crack propagation. These kinds of defects can 
be mitigated by an effective process control. These defects 
are mainly a function of volume energy density in PBF and 
DED techniques. High energy laser and electron beam when 
not controlled efficiently can either vaporise the melt pool or 
cause un-melted gaps [163]. Volume energy density (VED), 
as signified in Eq. 3, is a function of beam power (P), layer 
thickness (t), hatching distance (d), and scanning speed (v), 

(3)VED =
P

t.d.v

where reducing P and likewise increase of t, d, and v result in 
lack of fusion defects and increased P with reduced t, d, and v 
caused gas pores. Figure 20c depicts a process control method-
ology, where an optimised window of volume energy density 
results in achieving best results with least process-induced 
microstructural defects.

7.2  Mechanical properties of MAM‑processed 
orthopaedic implants

Depending on the location of application, orthopaedic 
implants of different types are subjected to environment 
susceptible to discrete loading conditions. For instance, 

Fig. 20  Process defects: a lack of fusion, b gas pores, and c mitigation of defects with process control [163]
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hip implants must handle high cyclic loads and provide 
both strength and flexibility, often using a titanium. Knee 
implants experience complex loads and require stability 
and wear resistance, typically featuring cobalt-chromium 
alloy components. Spinal implants must support axial loads 
and promote vertebral fusion, using materials like titanium 
cages. Each implant type is tailored to its unique mechani-
cal demands to ensure optimal performance and longevity.

For clinical purposes, materials are tested with compu-
tational modelling, mechanical testing, and in vivo testing, 
comprising motion analysis and imaging. Implant strength, 
rigidity, endurance limit and fatigue resistance are impera-
tive properties needed to be analysed for implementing them 
in biological system [164]. Individual or combination of ten-
sile, compressive, bending, and shear test analysis charac-
terises material for their capability as being used for specific 
orthopaedic application. Measurement of material fracture 
and deformation gives information about failure mode and 
limit for maximum stress before fracture, which is critical 
factor determining structural prominence of implants [165].

Overall, for an orthopaedic implant, stress shielding is a 
major factor limiting its application for permanent and tem-
porary implant application. Mismatch of Young’s modulus 
results in bone deterioration and implant loosening; progress 
of MAM has resulted in development of implants which 
possess Young’s modulus matching cortical bone. Topologi-
cally optimised porous architecture and relative development 
of parts with less density have resulted in more suitable 
mechanical properties for implants.

Ti6Al4V, which has Young’s modulus of 119 GPa, shows 
lesser values in order of 93 ± 2 GPa when processed through 
additive manufacturing [168]. Moreover, functionally graded 
additively manufactured Ti6Al4V results in samples with 
Young’s modulus of 2 to 9 GPa with yield strength of 53 
to 392 MPa making it suitable for load-bearing applica-
tions [169]. Similar trends are noticed for other permanent 
implant materials like stainless steel, and cobalt chromium 

alloys [170, 171]. Figure 21 represents comparative analysis 
of Young’s modulus for different materials when processed 
through route of conventional and additive manufacturing 
technology.

As noticed in Fig. 21, effect of changing scanning strat-
egy and inducing anisotropy targeting reduction in stiffness 
is trivial to match cortical bone properties. Rather improve-
ment in stiffness of metallic alloys making it comparable 
to cortical bone is achieved through spatial variation of 
porosity and pore sizes through additive manufacturing. 
MAM’s capability to manufacture designs with different 
pore size enables in controlling mechanical properties of 
different materials [172, 173]. The study of Onal et al. [169] 
on mechanical property of functionally graded Ti-6Al-4 V 
shows that parts with smaller pores dimension of order 
900 µm in their cores and larger pore dimensions of 1000 µm 
on outer shell jointly improve mechanical property and cell 
proliferation. Optimal mechanical properties are achieved 
by reduced stress concentration as function of varying pore 
dimensions, whereas outer shell with larger pore diameter 
attracts cell growth improving biocompatibility.

7.3  Corrosion properties of MAM‑processed 
orthopaedic implants

Corrosion impacts functioning of orthopaedic devices by 
effecting structural integrity of permanent implants and bio-
degradability of temporary implants. Permanent prosthesis 
requires material with very low corrosion-induced wear, 
and temporary implant requires materials having suitable 
rate of corrosion for biodegradation to eliminate revision 
surgery [174]. Although additive manufacturing provides 
more suitable mechanical properties, rough surface pro-
duced by the process is susceptible to pitting corrosion. This 
makes post-processing necessary, especially for permanent 
implants. Mah et al. [175] characterised corrosive property 
of wrought and EBM manufactured Ti-6Al-4 V; their study 

Fig. 21  Comparison of Young’s 
modulus of different material 
when processed through con-
ventional and additive manufac-
turing technology [166, 167]
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showed higher rate of corrosion in EBM manufactured mate-
rial. Higher surface roughness measured on additively manu-
factured titanium leads to increase in corrosion. Although 
the rate of corrosion is under safety limit, but still due to 
higher susceptibility to pitting, these materials can have 
deteriorated mechanical property in long life. Parts produced 
with additive manufacturing possessing mechanical property 
matching cortical bone following surface modification or 
post-process machining having low surface roughness can 
be implemented for successful implementation of permanent 
implants [176].

Additive manufacturing has potential for developing 
biodegradable temporary implants. Mg, Fe, and Zn alloy 
systems have corrosion rate closer to the requirement pre-
sented by Erinc et al. [177]. Biodegradable fracture fixtures 
require corrosion resistance of 0.5 mm  year−1 for effec-
tively supporting fractured bone for their healing period of 
4–6 months [177]. Although Zn presents closer degradation 
rate, their toxicity in the long run and difficulty in processing 
limit their application in additive manufacturing. Whereas, 
Mg can be processed with SLM, but it presents very high 
corrosion rate making it suitable only for non-load-bearing 
temporary implants. Fe based alloys have very low corrosion 
rate of 0.04 mm  year−1

, which is not practical for biodegrad-
able applications. Various research has been conducted to 
increase their corrosion rate by alloying with different ele-
ments, but the highest achievable rate was 0.2 mm  year−1 
[178]. Recently, with additive manufacturing functionally 
graded porous Fe materials were fabricated, which pre-
sented substantial mechanical property with corrosion rate 
of order 0.8 mm  year−1 [128], making it practical for tempo-
rary implant application. Figure 22 represents corrosion rate 
of Fe alloys processed through conventional and additive 
manufacturing techniques.

7.4  Biological properties of MAM‑processed 
orthopaedic implants

Cell proliferation and adhesion are cell growth parameters 
which are affected by the surface quality of additive manu-
factured part. Roughness plays a vital role in adhesion of 
new cells over implant surface, whilst microstructure refine-
ment influences cell proliferation. Elemental composition is 
another major factor affecting cytotoxicity and cell prolifera-
tion [179]. Mamun et al. [180] conducted a biocompatibil-
ity study on wrought and SLM-fabricated stainless steel, to 
compare their proliferation. Both alloys were treated to have 
similar surface topology. Their study revealed increased cell 
proliferation on additive manufactured stainless steel.

SLM-fabricated stainless steel showed higher density of 
MC3T3-E1 pre-osteoblast cells in order 204 ± 3 cells/mm2, 
compared to 169 ± 2 cells/mm2 in wrought alloys [180]. Since 
both materials were treated to have similar surface topology 
and possessed the same chemical composition, difference in 
rate of cell growth is attributed to release of metal ions [181]. 
Stainless steel forms a thin passive layer of Cr-oxide under 
pathological conditions, which limit release of cytotoxic ions, 
promoting pre-osteoblast cell growth [182]. Rapid cooling rate 
in SLM-fabricated surface has more refined microstructure with 
sub grains stabilising passive film growth, thus improving bio-
compatibility of additive manufactured 316L SS. Figure 23a, b 
represents effects of microstructure on cell proliferation.

Surface conditioning is unavoidable step to improve bio-
compatibility of 3D-printed materials. Roughness value 
below 2 µm is required for adequate cell adhesion on max-
illofacial implant [183]. Although roughness plays a vital 
role in cell adhesion of bulk alloys, level of porosity and 
pore size are determining factors influencing cell growth 
in porous implants. Qin et al. [184] analysed cell adhesion 
and proliferation of MC3T3-E1 on bulk and porous biode-
gradable Zn-0.7Li. Growth of osteoblast cells was shrunk 

Fig. 22  Comparison of Fe cor-
rosion rate processed through 
different techniques [128, 177, 
178]
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in valleys and separated with peaks on bulk surface, where 
porous surface had laid out cells with interconnections. Qin 
et al. [184] characterised effects of pore size on cell adhe-
sion of additive manufactured titanium implants. Their study 
analyses implants with pore size ranging from 300 to 900 µm, 
porous design with 600 µm resulted in promoting better cell 
ingrowth for permanent implant application. Figure 24a, b 
signifies difference in cell growth on bulk and porous surface.

8  Future directions

A clear understanding to proceed with defined preference 
will facilitate in guiding researchers to have specific direction 
on manufacturing implants whilst giving them more time to 
study and improve implant performance and functionality. 
Preference map with collated studies from this review aims 
to direct future research work focusing on development of 

Fig. 23  a, b Effects of micro-
structure on cell proliferation of 
316L SS [180]

Fig. 24  a, b Effects of surface 
on cell adhesion of biodegrad-
able Zn-0.7Li [184]
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advanced orthopaedic implants. Figure 25 signifies impact 
of product design strategy with additive manufacturing over 
conservative process management approach.

MAM up to some extent overcomes the limitations in 
developing orthopaedic implants for permanent and tempo-
rary applications. Additively manufactured implants with 
engineered porous structure have shown great improvement 
in terms of possessing porosity with effective structural 
properties. However, MAM implants suffer from rough sur-
faces and are prone to corrosion, resulting in deterioration 
of mechanical properties in permanent applications. Also, 
there is a need to develop a clear methodology to analyse 
and study porous surfaces, as MAM parts are prone to poros-
ity through both process and design. With regard to fracture 
fixation implants, a corrosion rate of 0.8 mm  year−1 has been 
achieved with development of porous Fe, but with an expense 
of reduced mechanical property. There is a need to develop a 
material which corrodes by maintaining sufficient mechanical 
property along bone healing period for 4–6 months. Mg and 

Zn are other potential alloys which can be additively manu-
factured and analysed for temporary implant application.

With development of EBM and SLM, MAM presents 
competency in producing parts with wide range of materi-
als with varied design strategies. Further prospects of MAM 
for orthopaedic implants can be analysed by a proposed two-
way approach. Figure 26 represents a potential map which is 
developed with reference to different advanced manufactur-
ing routes being employed with additive manufacturing by 
previous researchers [185–190]. Table 6 shows importance 
of the proposed approach.

9  Conclusions

The primary goal of this review was to compile available 
material, manufacturing, and design techniques for the 
development of 3D-printed metallic orthopaedic implants, 

Fig. 25  Preference map focus-
sing studies on stress shielding 
and biodegradability, composed 
from [169] and [128]
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whilst briefly highlighting the significance of machining as 
a potentially best post-processing technique. Different MAM 
materials were reviewed, with titanium and stainless steel 
standing out as commercially ready materials with exten-
sive research, making them simple to manufacture. Although 
there are other alloys with better functional properties, their 
commercial readiness is limited. Therefore, researchers 
should focus more on non-conventional alloy systems.

The ability of modified engineered designs to manage 
multiple properties, which can be used to tailor materi-
als for specific requirements, shows great promise. With 
MAM, materials matching Young’s modulus close to 10 
GPa are possible with controlled effect on stress shielding, 
where control on corrosion resistance ranging from 0.2 to 
0.8 mm  year−1 is now possible making metallic implant suit-
able for biodegradable applications. However, whilst work-
ing with lattice structures, design for manufacturability is 

critical. MAM can develop any complex design, but lim-
ited achievable tolerances and process uncertainty must be 
considered.

MAM has progressed significantly beyond its initial 
stage, with various power sources, processing methodolo-
gies, and feedstock-based systems developed, each with its 
own advantages. SLM, EBM, DED, and BJAM techniques 
are now being widely evaluated to produce orthopaedic 
implants to achieve maximum functionality and commer-
cial benefit. Additional post-processing is an unavoidable 
step when using MAM. Therefore, studies on process strat-
egies leading to MAM independence will result in signifi-
cant relief for implant manufacturers.

Amongst available post-processing techniques, machin-
ing has proven commercial advantage due to its ability 
to remove multiple surface defects in one go, whilst also 
producing 88% lower surface roughness to a print part. 

Fig. 26  Prospects on additive 
manufacturing of orthopaedic 
implants, figure compiled with 
data from [185–190]

Table 6  Significance of proposed approach

Material development approach

Type of material Significance Reference

Nanocomposite • Addition of Ag and Au nano fibres improves antimicrobial properties
• Graphene oxide fibres show increase in modulus and strength for porous materials

[191, 192]

High entropy alloy • Additive manufactured HEA possess random crystal orientation providing unique material 
property

[193, 194]

Bulk metallic glass • Additive manufactured BMG can be manufactured with no size constrains
• Amorphous metals present control on corrosion and biodegradability

[195]

Metal syntactic foam • Shows increased load-bearing capacity with porous material structure [196]
Manufacturing and design approach
 Development technique Significance Reference
 Functional graded porosity • Presents biomimicry of bone with anisotropic structures [197]
 CT/MRI direct 3D printing • Eliminates requirement of pre-operative bending/forming, facilitating use of brittle materials 

for implant
[198, 199]

 Coating • Promotes increased surface quality and cell proliferation [200]
 Surface texturing • Post-process surface texturing presents reduction in friction for metal-on-metal prosthetics [201]
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Comparatively with other post-processing methods multiple 
techniques would be required to remove each surface defect 
whilst also attempting to achieve set dimensional accuracy, 
and less surface roughness. Cellular designs, engineered lat-
tice, and amorphous materials are gaining popularity; stud-
ies on the machinability of these additively manufactured 
devices will improve our understanding of their functionality 
and commercial readiness.

In summary, metal additive manufacturing emerges as a 
highly promising field for orthopaedic device developers. 
With its advanced process control and capacity to produce 
complex designs, MAM demonstrates its ability to manipu-
late various functional properties, including mechanical, 
corrosion resistance, and biological compatibility. As the 
field continues to evolve, the future promises even more 
intriguing developments, urging researchers to delve deeper 
into the intricacies of this transformative technique.
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