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ABSTRACT

The last decade has witnessed rapid advancements in manufacturing technologies for biomedical im-
plants. Additive manufacturing (or 3D printing) has broken down major barriers in the way of producing
complex 3D geometries. Electron beam melting (EBM) is one such 3D printing process applicable to met-
als and alloys. EBM offers build rates up to two orders of magnitude greater than comparable laser-based
technologies and a high vacuum environment to prevent accumulation of trace elements. These features
make EBM particularly advantageous for materials susceptible to spontaneous oxidation and nitrogen
pick-up when exposed to air (e.g., titanium and titanium-based alloys). For skeletal reconstruction(s),
anatomical mimickry and integrated macro-porous architecture to facilitate bone ingrowth are undoubt-
edly the key features of EBM manufactured implants. Using finite element modelling of physiological
loading conditions, the design of a prosthesis may be further personalised. This review looks at the many
unique clinical applications of EBM in skeletal repair and the ground-breaking innovations in prosthetic
rehabilitation. From a simple acetabular cup to the fifth toe, from the hand-wrist complex to the shoulder,
and from vertebral replacement to cranio-maxillofacial reconstruction, EBM has experienced it all. While
sternocostal reconstructions might be rare, the repair of long bones using EBM manufactured implants
is becoming exceedingly frequent. Despite the various merits, several challenges remain yet untackled.
Nevertheless, with the capability to produce osseointegrating implants of any conceivable shape/size, and
permissive of bone ingrowth and functional loading, EBM can pave the way for numerous fascinating and
novel applications in skeletal repair, regeneration, and rehabilitation.

Statement of significance

Electron beam melting (EBM) offers unparalleled possibilities in producing contaminant-free, complex
and intricate geometries from alloys of biomedical interest, including Ti6AI4V and CoCr. We review the di-
verse range of clinical applications of EBM in skeletal repair, both as mass produced off-the-shelf implants
and personalised, patient-specific prostheses. From replacing large volumes of disease-affected bone to
complex, multi-material reconstructions, almost every part of the human skeleton has been replaced with
an EBM manufactured analog to achieve macroscopic anatomical-mimickry. However, various questions
regarding long-term performance of patient-specific implants remain unaddressed. Directions for further
development include designing personalised implants and prostheses based on simulated loading con-
ditions and accounting for trabecular bone microstructure with respect to physiological factors such as
patient’s age and disease status.
© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
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Fig. 1. (a-b) Gluck’s hinged prosthetic knee implant. (a) Distal femoral and proximal tibial resections are made to expose the medullary canal, into which the cylindrical
ends of the prosthesis are implanted. (b) Two implants made of ivory are connected to form a hinge. The proximal and distal portions are connected by a pin, which acts
as the bearing, and thus allows for single-axis rotation about the pin. From Gluck T. 2011. Clin Orthop Relat Res. Adapted with permission from Wolters Kluwer Health, Inc.
[3]. (c) The “living implant” concept. 3D printed femoral stem having a graded unit cell. Blood vessel development, osteoblast migration and growth in a connective matrix
within the macro-porous structure. From Murr et al. 2017. ] Mech Behav Biomed Mater. Adapted with permission from Elsevier [5].

1. Introduction

The use of prosthetic devices dates back thousands of years,
from ancient mythology to the relatively recent Roman Capua
Leg (circa 300 BC) made of bronze, which is one of the earliest
known prosthetic limbs [1]. In modern times, total joint replace-
ment with implanted devices has been recorded as early as the
1890s (Fig. 1a-b), with the pioneering work of Themistocles Gluck
who used a hinge prosthesis made of ivory together with mix-
tures of rosin, pumice, and plaster as the bone cement in total
knee replacement [2,3]. Biofabrication encompasses the production
of complex living and non-living biological products (or systems)
from living cells, molecules, extracellular matrices, and biomate-
rials [4]. The concept of a ‘living implant’ has been presented by
Lawrence Murr and colleagues (Fig. 1c), where blood vessels de-
velop, and osteoblasts are able to migrate and grow in a connective
matrix within the macro-porous structure of a 3D printed implant
[5]

Metal implants have long been in clinical use, for restoring
lost function, replacing missing body parts, and anchoring pros-
thetic devices. Although commercially pure titanium (cp-Ti) and
titanium alloy (typically, Ti6Al4V) predominate [6] in dentistry
and orthopaedics, various other metals and alloys (including cobalt
chromium, stainless steel, tantalum, and magnesium) are in use
for different applications. The surface properties of dental implants
play important roles in modulating the cellular and molecular in-
teractions between the implant surface and the surrounding tis-
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sues, and eventual bone regeneration [7]. Various procedures are
used to modify the surface physico-chemical properties of dental
implants [8]. In orthopaedics, although the replacement of a dis-
eased or dysfunctional hip started with excision of the femoral
head in the 18th and 19th century, successful total hip replace-
ment with metallic implants, of which the Charnley hip and the
Exeter hip are important examples, was not achieved until the late
20th century [9]. Currently, total hip replacement is one of the
most common surgical procedures performed [10], and it is esti-
mated that about three quarters of hip replacements last for ~15-
20 years. [11]. A major challenge associated with metal implants
is that of stress shielding caused by the stiffness mismatch be-
tween the implant and the surrounding bone [12]. Young’s moduli
of cortical bone and trabecular bone are ~3-30 GPa and ~0.02-
2 GPa, respectively. In comparison, Young’'s moduli of Ti6Al4V
(ASTM F136) and CoCr (ASTM F75) are ~110 GPa and ~210 GPa, re-
spectively. Density optimisation at the bone-implant interface, such
as by reducing the effective density (i.e., total porosity) and there-
fore the Young’s modulus using additive manufacturing can min-
imise stress shielding [13]. And in this context, the potential for
use of highly porous implants in total knee replacement was recog-
nised very early (Fig. 2) [14].

2. Powder Bed Fusion based metal additive manufacturing

Powder Bed Fusion (PBF) techniques share the same basic prin-
ciples of all additive manufacturing technologies, i.e., layer-by-
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Fig. 2. (a-c) From conventional to additively manufactured components for total knee replacement. (a) Left knee before knee replacement. (b) Contemporary, commercial,
orthopaedic total knee replacements consist of a CoCr femoral component, f, and a Ti6AI4V tibial component, t, cemented into place using acrylic cement. The CoCr com-
ponent is cast while the Ti6Al4V component is usually fabricated from wrought stock. (c) CoCr alloy prototype corresponding to the femoral component made by electron
beam melting (EBM), hot isostatic pressing (HIP) annealed, machined, and partially polished. From Murr et al. 2011. ] Mech Behav Biomed Mater. Adapted with permission

from Elsevier [14].

layer fabrication using data from a 3D model. Using a high-energy
source, either a laser beam (PBF-LB) or an electron beam (PBF-EB),
the powder in the powder bed is selectively melted - one layer at
a time [15]. Utilisation of a high spatial resolution energy source in
combination with fine powder feedstock allows production of geo-
metrically complex components with fine features, e.g., 3D cellular
structures with interconnected and/or graded porosity [16], suit-
able for bone ingrowth [17], and skeletal reconstruction [18]. PBF-
EB is also referred to as electron beam melting (EBM). An electron
beam (up to ~6 kW power) is generated from a tungsten filament
or a lanthanum hexaboride (LaB6) cathode and is controlled by
electromagnetic lenses that allow scanning the powder bed surface
at speeds up to 10 kmy/s, resulting in build rates up to two orders
of magnitude higher than PBF-LB [19]. However, use of an elec-
tron beam requires controlled vacuum at pressures below 10-¢ bar
in order to prevent collisions between electrons and air molecules.
Processing in vacuum also has the advantage of minimising pow-
der degradation by greatly reducing powder interaction with the
residual air in the process chamber, which typically results in pow-
der oxidation and nitrogen pick-up. This is especially critical in the
case of materials with high activity, e.g., Ti and Ti6Al4V. Therefore,
the use of standardised, high-purity powders [20,21] under vac-
uum processing during EBM allows control over accumulation of
trace elements such as oxygen, that may impact the mechanical
properties [22]. For example, the yield strength (~850 MPa), ten-
sile strength (~950 MPa), and elongation to failure (~20%) of EBM
manufactured Ti6Al4V after hot isostatic pressing are comparable
to (or even better than) wrought and forged counterparts [19].
While the yield strength (~860-1000 MPa) and tensile strength
(~930-1100 MPa) of PBF-LB manufactured Ti6Al4V are comparable
to EBM manufactured Ti6AI4V, the elongation to failure is typically
lower in comparison [23].

The first step during EBM processing is distribution of a thin
layer (50-150 um) of powder, using a flexible metal blade. Inter-
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action of the electron beam with the powder may create electro-
static charging, resulting in sudden dispersion of charged parti-
cles (referred to as ‘smoking’) [24]. Therefore, the entire surface of
the powder bed is pre-sintered using a defocussed electron beam,
which results in the formation of inter-particle necks and enables
reaching the desired preheating temperature. With increasing par-
ticle size, the powder becomes more resistant to smoking [24].
The use of coarser particles (between 45 and 106 pm) compared
to other powder-based, additive manufacturing technologies (e.g.,
PBF-LB or binder jetting) together with higher layer thickness re-
sults in higher surface roughness of EBM manufactured compo-
nents (R; ~ 25-35 pm) [19,25]. Pre-sintering improves the electri-
cal conductivity [26] and mechanical stability of the powder bed
required for further selective melting of the deposited layer, re-
sulting in formation of the final-shaped component inside a semi-
sintered powder cake. Pre-sintering and pre-heating allow to min-
imise residual stresses in the as-fabricated components and reduce
component distortion. At the same time, the pre-sintered cake pos-
sesses necessary mechanical strength providing full freedom when
it comes to the nesting and stacking parts on top of each other,
not possible with PBF-LB. This allows to maximise the use of the
available build volume and hence results in further improved pro-
ductivity of the EBM process. With the use of established pro-
cess parameters, certain mechanical properties of EBM manufac-
tured Ti6Al4V such as strength and elongation are comparable to
(or even better than) wrought and forged counterparts [19]. On
the other hand, the fatigue performance of EBM manufactured
Ti6Al4V is typically inferior [27], but can be improved significantly
by post treatments. Hot isostatic pressing reduces porosity [28], al-
lows manipulation of microstructure to achieve equiaxed grains to
ensure isotropic mechanical properties [29], and improve mechani-
cal properties, including ductility (elongation to failure) and fatigue
behaviour [30]. Subsequent surface treatments such as centrifugal
finishing, linishing, shot peening, and laser shock peening can fur-
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ther improve the fatigue strength [31]. Post-processing procedures
are reported to increase the cost of the manufacturing by 4-13%
[32].

The mechanical properties of EBM manufactured, open cellular
constructs are strongly dependent on the lattice structure and the
process parameters. These are typically determined using standard
compressive tests, in accordance with ISO 13314, and typically ex-
hibit a linear relationship with the relative density [5,13,14]. Pio-
neering preclinical studies have shown that EBM produced mate-
rials, with both as-produced surface and machined surface show
similar (or at least comparable) osseointegrative properties for
solid implants [33], potential for bone ingrowth in macro-porous
implants [34-36], and good biocompatibility [37]. Moreover, in vivo
studies demonstrate that Ti6AI4V and CoCr osseointegrate to com-
parable levels, especially in terms of molecular composition of
peri-implant bone extracellular matrix [38]. Furthermore, as an in-
dicator of bone-bonding ability of biomaterials, osteocytes have
been shown to establish direct dendritic connectivity with both
Ti6Al4V [38] and CoCr [39]. But despite concerns around toxicity of
the various alloying elements that may be released, the biocompat-
ibility is generally deemed acceptable for long term use, together
with excellent resistance to corrosion and wear [40]. As such, both
alloys have been in clinical use for several decades. Nevertheless,
it remains to be seen if significant complications can be induced
by particulate wear debris from EBM manufactured devices, which
may be too large for macrophages to phagocytose and/or enzymat-
ically degrade.

EBM manufactured macro-porous constructs have been used
extensively in veterinary orthopaedic surgery. A notable example
is the repair of cranial cruciate ligament rupture in dogs by tibial
tuberosity advancement using porous EBM implants [41]. In clini-
cal use, besides mass produced and standardised, off-the-shelf im-
plants such as acetabular cups, fixations pins, scaphoid bone re-
placement, and hemipelvic implants, personalised, patient-specific
implants have been produced for almost every part of the human
skeleton.

3. Off-the-shelf implants
3.1. Acetabular cups

Acetabular cups used in total hip arthroplasty are among
the earliest clinical applications of porous EBM produced im-
plants, where implants with integrated porous networks are read-
ily mass produced. Comparative analysis between retrieved EBM
produced acetabular cups (Delta TT; LimaCorporate, Italy) and con-
ventional acetabular cups produced by forging and milling (Pinna-
cle Porocoat; DePuy Synthes, USA) revealed expected differences
attributable to implant manufacturing processes, i.e., a thicker
porous layer, higher percentage porosity, and larger pore size of
EBM manufactured acetabular cups (EBM cups, Fig. 3a) [42]. Histo-
morphometric analysis of EBM cups (Delta TT and Delta ONE, Li-
maCorporate, Italy) and conventional uncemented acetabular cups
(Trident I Tritanium, Stryker, USA; R3 STIKTITE, Smith & Nephew,
USA; Pinnacle Gription, DePuy Synthes, USA) provided further ev-
idence in support of better bone ingrowth, including bone area
(%) and bone-implant contact (%), for EBM cups [43]. Clinical data
from different manufacturers suggests relatively low failure rates of
EBM cups. Evidence from a large retrospective study involving over
9000 patients reveals a significantly lower rate of aseptic loosening
for highly porous acetabular cups with an integrated porous net-
work (Fixa Ti-Por, Adler Ortho, Italy), at 0.1%, compared to all other
cementless acetabular cups, at 0.3% (Fig. 3b-d) [44]. Cementless
EBM cups (3D ACT, AK Medical, China) characterised by a ~1.5 mm
porous layer (600-800 wm pore size range, ~80% porosity) over a
solid base have shown promising short-term results with no fail-
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ures at 2 year follow-up in 92 consecutive patients [45]. A sepa-
rate study using the same acetabular cups reports a survival rate
of 96.3% at ~8 year follow-up (Fig. 3e) [46].

3.2. Hemipelvic implants

Several types of EBM manufactured pelvic endoprostheses are
in clinical use. One study, investigating the performance of stan-
dard (one-piece, non-adjustable) hemipelvic prostheses, screw-rod
connected (two-piece, adjustable) hemipelvic prostheses, and il-
iac prostheses reports an overall survival of 85%. Although one in
five patients experienced delayed wound healing and two patients
suffered hip dislocation, no deep infections, implant loosening, or
displacement of the components was recorded [47]. In the pelvic
area, tumour resections requiring larger reconstructions have been
shown to benefit from 3D printed modular hemipelvic endopros-
theses (GPS, AK Medical, China). Placed in 80 consecutive patients,
the 3-year survival rate of such prostheses is 91.6%, where the
main causes of implant failure/removal were infection or local tu-
mour recurrence (Fig. 3f-i) [48].

3.3. Fixation pins for osteonecrotic femoral heads

In certain stages of osteonecrosis of the femoral head, early in-
tervention can delay the need for total hip arthroplasty. An EBM,
split-design fixation pin has been developed (Fig. 3j-k). A major
advantage of the split-design is that the fixation pin can be re-
moved from the femoral head if a total hip arthroplasty is even-
tually required. Hip preservation using a split-design fixation pin
was more successful in patients at early-stage osteonecrosis, with-
out obvious signs of infection or pin loosening at 24-month follow-
up [49].

3.4. Metaphyseal components

Metaphyseal cones and sleeves for use in total knee replace-
ment manufactured at ~60% porosity and 330-390 um strut thick-
ness (EPORE®, Implantcast GmbH, Germany) are designed to pro-
mote bone ingrowth and improve implant stability (Fig. 3i). Ac-
cording to a retrospective study involving 22 patients, postopera-
tive infection occurred in two individuals, however, no early fix-
ation failures were reported and radiographic signs of bone in-
growth were evident at the most recent follow-up (2-44 months)
[50].

3.5. Wrist (scaphoid bone)

Approximately 5-10% of all scaphoid fractures end up in non-
union, particularly if the bone fragments are displaced [51]. Such
a scaphoid non-union with a necrotic area was successfully re-
paired with a partial scaphoid replacement using custom-made ti-
tanium implant. Implant design included a hole for scapholunate
interosseous ligament reconstruction [52]. The same strategy has
been implemented for total scaphoid replacement, following non-
union and necrosis in both fragments (Fig. 3m-o0) [53].

4. Personalised, patient-specific implants
4.1. Cranial

Large calvarial defects due to trauma or tumour resection have
been successfully reconstructed using 2 mm thick, custom-made
endoprostheses (Fig. 4a-b) [54]. A similar approach was taken in
a larger study with comparable success. In a majority of cases, the
primary reason behind the use of EBM manufactured constructs
was failure of the initial reconstruction due to infection. Constructs
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Fig. 3. (a) Comparison of 3D printed (Delta TT; LimaCorporate, Italy) and conventional (Pinnacle Porocoat; DePuy Synthes, USA) acetabular cups. X-ray micro-computed
tomography reconstruction of the whole implant and a cross-section showing the porous structure. From Dall’Ava et al. 2020. ] Orthop Surg Res. Reproduced under the
terms of the CC BY 4.0 [42]. (b-e) 3D printed acetabular cup in total hip arthroplasty. (b) Osteoarthritic left hip with previous acetabular fracture (top) and 60-month
postoperative (bottom). From Castagnini et al. 2019. Int Orthop. Adapted with permission from Springer Nature [44]. (c) Developmental dysplasia of the hip (top) and 90-
month postoperative (bottom). (d) Femoral head necrosis (top) and 60-month postoperative (bottom). (e) Femoral neck fracture (top) and 63-month postoperative (bottom).
From Huang et al. 2021. Orthop Surg. Reproduced under the terms of the CC BY 4.0 [46]. (f-i) Modular hemipelvic endoprosthesis. (f). 3D printed prosthesis. (g) Illustration
of modular hemipelvic endoprosthesis with iliosacral fixation, where loading stresses from the trunk are balanced by supporting forces from the lower extremities. (h)
Radiograph, 3 years after pelvic reconstruction. (i) Bone ingrowth into the porous structure. Histology. From Ji et al. 2020. ] Bone Joint Surg Am. Adapted with permission
from Wolters Kluwer Health, Inc. [48]. (j-k) Split-design fixation pin for the femoral head. (j) Trabecular portion, t, and connecting rod, c. (k) Split-design fixation pin shown
with (top) and without (bottom) the trabecular portion. From Zhang et al. 2018. Medicine (Baltimore). Reproduced under the terms of the CC BY-ND 4.0 [49]. (1) Metaphyseal
cone (left) and sleeve (right). From England et al. 2021. J Clin Orthop Trauma. Adapted with permission from Elsevier [50]. (m-0) Scaphoid non-union and necrosis. (m)
Computed tomography, preoperative. (n) Intraoperative imaging to confirm positioning of the implant. (o) Radiograph, 12-months postoperatively. From Rossello MI. 2020.
Case Reports Plast Surg Hand Surg. Reproduced under the terms of the CC BY 4.0 [53].
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Fig. 4. (a-b) Reconstruction of a large cranial defect. (a) 3D printed prosthesis. (b) Computed tomography, preoperative (left) and postoperative (right). From Cho et al. 2015.
Arch Craniofac Surg. Reproduced under the terms of the CC BY-NC 3.0 [54]. (c) Bilateral frontal defect reconstruction. The process involves preoperative imaging (computed
tomography), virtual planning, prosthesis manufacture, and postoperative validation. From Park et al. 2016. J Craniofac Surg. Adapted with permission from Wolters Kluwer
Health, Inc. [55]. (d-e) Comparison between pre-curved mesh and personalised prosthesis. (d) Pre-curved mesh (CranioCurve, Zimmer Biomet, USA). Incomplete coverage of
the cranial defect, persistent defect (red arrow), and unsatisfactory cosmetic result. (e) Personalised prosthesis (MT Ortho, Italy). Complete coverage of the cranial defect and
adequate cosmetic result. From Policiccio et al. 2020. Surg Neurol Int. Reproduced under the terms of the CC BY-NC-SA 4.0 [57].

were designed with a honeycomb structure to reduce the weight
while retaining acceptable mechanical strength (Fig. 4c) [55]. Simi-
larly, complex reconstructions of frontal-parietal, bifrontal, and pte-
rional skull defects have been performed using EBM constructs
without any complications at 1-year follow-up [56]. Compared to
the use of a pre-curved titanium mesh graft, custom-made cranial
prostheses generally yield better cosmetic results owing to the pre-
cise fit in terms of shape and size, in addition to reduced operat-
ing time, and greater control over finer anatomical details (Fig. 4d-
e) [57]. The same approach shows successful reconstruction of an
unusual frontal bone defect in a Parry-Romberg syndrome patient,
where the designed prosthesis extended from the superior orbital
rim to the vertex [58].

4.2. Mandible and skull base

Mandibular reconstructions typically use autologous bone grafts
anchored to the native bone with plates and screws, or in the
case of smaller defects, various meshes packed with bone particles
or synthetic bone graft substitutes. Although patient-specific im-
plants potentially decrease comorbidities associated with graft har-
vesting, customisation and load-bearing requirements of mandibu-
lar prostheses remain challenging. Among the earliest examples of
EBM manufactured mandibular implants in clinical treatment were
patient-specific load-bearing plates and titanium meshes with at-
tached fixation plates. Following resections performed by means of
custom-made surgical cutting guides, these implants can be loaded
with an autologous bone graft and bone particulates and/or substi-
tutes [59]. The mandible is also one of the sites most frequently af-
fected by irradiation, which may result in osteoradionecrosis [60].
It has been demonstrated that repair of mandibular fracture sec-
ondary to osteoradionecrosis may be successfully achieved with
an autologous fibular flap and EBM manufactured patient-specific
plates [61]. Larger mandibular reconstructions require additional
design features to successfully anchor the custom-made implant
and prevent failure under functional loading. One example is of
an integrated, diamond-like, porous network in areas of the im-
plant that are in direct contact with native bone. Here, a strut
thickness of ~400 pm and pore size in the 600-700 pm range
accommodated bone ingrowth and attachment (Fig. 5a-b). At 6-
months follow-up, the patient showed an acceptable aesthetic out-
come and improved quality of life [62]. In a similar case, individ-
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ualised mandible implant treatment showed no adverse effects at
14-month follow-up (Fig. 5c-d) [63].

Not surprisingly, custom-made titanium implants show better
mandibular contour, symmetry, and function, in addition to fewer
postoperative complications following tumour resection compared
to conventional titanium plates and fibular autografts [64]. How-
ever, custom-made titanium implants for segmental reconstruction
of mandibular discontinuity following benign tumour excision are
not without challenges. Wound dehiscence (without infection) and
development of a persistent extraoral fistula can occur and may re-
quire implant removal (Fig. 5e-g) [65]. Patient-specific, EBM man-
ufactured trays filled with iliac crest bone particulates represent
a different approach to mandibular reconstruction. Wound dehis-
cence was reported in some cases, possibly attributable to the large
size of the lesion and/or unfavourable geometry of the EBM man-
ufactured tray (Fig. 5h-k) [66]. Extreme facial asymmetry arising
from unsuccessful primary reconstruction of a unilateral mandibu-
lar defect extending from the mental foramen to the condyle has
also been addressed using an EBM fabricated implant. Orthog-
nathic surgery involved aligning the maxilla by a virtually planned
Le Fort I osteotomy together with mandibular reconstruction. Pros-
thesis design integrated a porous design extending 1 cm from the
contralateral mandibular bone, and a metal condylar replacement
was attached to the remaining solid body. Mechanical testing was
performed in order to determine the maximum and fatigue load
forces of the implant [67]. Finally, extremely complex reconstruc-
tions involving the skull base and the temporomandibular joint
have been achieved with patient-specific, multi-component pros-
thesis involving the skull base, part of the temporal bone (EBM
manufactured Ti6Al4V), ramus of the mandible (EBM Ti6Al4V), the
glenoid fossa (milled ultra-high-molecular-weight polyethylene),
and the mandibular condylar (milled CoCr) (Fig. 51-p) [68].

4.3. Spine

Customised, self-stabilising vertebral bodies have been used in
oncologic resections involving either a single vertebra or multi-
ple vertebrae with a generally acceptable outcome 1-year follow-
up [69] (Fig. 6a-b) [70]. Likewise, customised vertebral bodies re-
placing the C2 vertebrae removed due to primary tumours, showed
new bone formation at the last recorded follow-up (Fig. 6¢c-d). All
patients received irradiation therapy postoperatively. While some
of the patients were lost to metastatic disease or local recurrence,
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Fig. 5. (a-b) Unilateral mandibular reconstruction. (a) Prosthesis design. (b) Radiograph, postoperative. From Suska et al. 2016. J Oral Maxillofac Surg. Adapted with permis-
sion from Elsevier [62]. (c-d) Squamous cell carcinoma. (c) Prosthesis design. (d) Radiograph, 5-months postoperatively. From Lee et al. 2018. Arch Craniofac Surg. Reproduced
under the terms of the CC BY-NC 4.0 [63]. (e-g) Benign tumour of the mandible. (e) Computed tomography, preoperative. (f) Simulated matching of residual mandible and
prosthesis. (g) 3D printed prosthesis. From Mounir et al. 2020. J Craniomaxillofac Surg. Adapted with permission from Elsevier [65]. (h-k) Follicular ameloblastoma of the
anterior mandible. (h) Simulated matching of residual mandible and prosthesis. (i) Prosthesis design. (j) 3D printed prosthesis. (k) Radiograph, 5-months postoperatively.
From Farid Shehab et al. 2018. Int ] Med Robot. Adapted with permission from John Wiley and Sons [66]. (I-p) Combined skull base and temporomandibular joint prosthesis.
(I) Computed tomography of the entire skull, mandible, maxilla, temporomandibular joint, and upper neck. The major blood vessels (red/blue) and the lesion (green) are
seen. (m) 3D printed skull base and mandibular ramus components. (n) Radiograph, postoperative (lateral view). (o) Radiograph, postoperative (frontal view). (p) Computed
tomography, postoperative. From Zheng et al. 2019. Int ] Oral Maxillofac Surg. Adapted with permission from Elsevier [68].

all surviving patients had no signs of implant displacement [71].
For the C1/C2 posterior fusion, a custom fixation implant was
used to address facet arthropathy with nerve impingement. 3D
printed drill guide assisted in trans-articular screw placement ef-
fectively reducing the operative duration. Satisfactory results were
reported at 6-months postoperatively [72]. Personalised anterior
column cages, composed of an inner lattice structure and an outer
shell, connected to a pedicle screw-rod system, were used to re-
place thoracic and lumbar vertebrae in patients undergoing en bloc
excision of tumour-affected bone (Fig. 6e-g). In an attempt to ad-
dress segmental kyphosis, some of the patients received a slightly
larger prosthesis than the native bone gap. At the final follow-up,
varying degrees of subsidence were noted in all patients, but only
one patient required revision surgery for further stabilisation [73].
Cervical spine chordoma affecting the craniocervical junction has
been treated with extensive resection and a custom-designed, ti-
tanium cage filled with bone matrix, which was additionally sta-
bilised with screws. At 9-month follow-up, radiographic evaluation
showed successful fusion [74]. In another case, complex spinal de-
formity is addressed by a custom, 3D printed, interbody fusion im-
plant that showed no subsidence after one year (Fig. 6h) [74]. A
similar approach has been undertaken in an another patient, where
lateral lumbar interbody cages were designed to correct vertebral
collapse and lumbar lordosis by adding an overall 10° lordosis to
the cages (Fig. 6i-m) [75].

4.4. Clavicle, scapula, and sternocostal reconstruction

The whole clavicle, affected by a large osteolytic lesion, may
be replaced by a porous prosthesis designed using diagnostic data
from contralateral clavicle shape and size (Fig. 7a-b). Certain fea-
tures (such as small holes) can be introduced into the prosthe-
sis design to enable the attachment of the acromion, sternum,
and coracoclavicular ligament [76]. Similarly, successful reconstruc-
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tion of the entire scapula has been achieved using an EBM man-
ufactured prosthesis following excision due to Ewing’s sarcoma
(Fig. 7c-d). Small holes incorporated into the prosthesis design al-
lowed suturing of coracoclavicular ligament and surrounding mus-
cles to the implant [76]. An alternative scapular prosthesis design
involves circumferential grooves, as to incorporate allogenic bone
chips and achieve close attachment of the latissimus dorsi rota-
tional flap following skeletal tumour excision [77]. For partial re-
construction of the scapula, a custom-made prosthesis can also be
coupled to an inverse proximal humerus prosthesis [78]. Indicat-
ing the uniqueness of such cases, only two customised scapula
reconstructions (~ 5%) are reported in a retrospective analysis of
custom 3D prostheses used in an 8-year period [79]. Sternocostal
reconstructions following large bone resections also benefit from
custom-made, 3D printed prostheses. As demonstrated in a patient
suffering from primary malignant sternal tumour, a patient-specific
sternum prosthesis can also include titanium rods to recreate the
ribs allowing for unobstructed respiration with costal stump at-
tachment clamps that assure successful fixation of the prosthetic
device (Fig. 7e-h). Here, use of virtual planning and fabrication of a
surgical cutting guide enabled precise tumour resection and pros-
thesis installation [80].

4.5. Shoulder, humerus, radius, and ulna

With the aim to restore upper limb function, a custom-made
prosthesis at 60% porosity was designed to replace a loosened to-
tal shoulder arthroplasty, originally performed due to chondrosar-
coma of the proximal humerus. At 2-year follow-up, function of
the joint appeared well-restored and supported daily activities
(Fig. 8a-d) [81]. In reverse shoulder arthroplasties, excisions of
proximal humerus tumours in patients are addressed with EBM
manufactured glenoid prostheses and conventionally made custom
humerus prostheses. With a good functional outcome at the final
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Fig. 6. (a-b) Papillary thyroid carcinoma. (a) 3D printed artificial vertebral body for multilevel reconstruction. (b) Radiograph, postoperative. From Li et al. 2017. Spine (Phila
Pa 1976). Adapted with permission from Wolters Kluwer Health, Inc. [70]. (c-d) Giant cell tumour of the cervical spine. (c) 3D printed artificial vertebral body for single
vertebra reconstruction. (d) Radiograph, postoperative. From Wei et al. 2020. Ann Transl Med. Reproduced under the terms of the CC BY-NC-ND 4.0 [71]. (e-g) Giant cell
tumour of the lumbar spine. (e) 3D printed prosthesis. (f) Radiograph, preoperative. (g) Radiograph, postoperative. From Girolami et al. 2018. Eur Spine J. Adapted with
permission from Springer Nature [73]. (h) 3D printed prosthesis for correction of congenital hemivertebra, segmental kyphosis, and loss of lordosis. From Mobbs et al. 2017.
] Neurosurg Spine. Images courtesy of Prof. Ralph J. Mobbs, University of New South Wales, Sydney, Australia [74]. (i-m) Lateral recess and foraminal stenosis. (i) Computed
tomography of the lumbar spine. (j) 3D printed interbody cages. Processing steps prior to implantation included screw threading, selective polishing, etching, and cleaning.
(k) Intraoperative imaging to confirm positioning of the interbody cages. (1) Simulation of vertebral repositioning by interbody cage implantation. (m) Computed tomography,
postoperative. From Siu et al. 2018. World Neurosurg. Adapted with permission from Elsevier [75].

Posterior view

Fig. 7. (a-b) Ewing’s sarcoma of the clavicle. (a) Prosthesis design and virtual clavicle reconstruction. (b) Radiograph, 24-months postoperatively. (c-d) Ewing’s sarcoma of
the scapula. (c) Prosthesis design. (d) Radiograph, 21-months postoperatively. From Fan et al. 2015. World ] Surg Oncol. Reproduced under the terms of the CC BY 4.0 [76].
(e-h) Sternal chondrosarcoma and sternocostal reconstruction. (e) Involvement of chest wall structures. Computed tomography. (f) 3D printed implant. (g) Costal stump
attachment clamp with a rough inner surface and bolt hole. (h) Surgical template. From Aranda et al. 2015. Eur ] Cardiothorac Surg [80].
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Fig. 8. (a-d) Chondrosarcoma of the proximal humerus. (a) Previous humeral resection and total shoulder arthroplasty. Radiographs. (b) Removed failed previous prosthesis.
Radiograph. (c) Prosthesis design. (d) Radiographs, 3-months (left) and 12-months (right) postoperatively. From Zou et al. 2018. Medicine (Baltimore). Reproduced under the
terms of the CC BY-NC-ND 4.0 [81]. (e-h) Osteosarcoma of the humerus. (e) Radiograph, preoperative. (f) 3D printed prosthesis. (g) Radiograph, postoperative. (h) Computed
tomography showing humeral reconstruction. From Park et al. 2020. Acta Orthop. Reproduced under the terms of the CC BY 4.0 [83]. (i-1) Grade II chondrosarcoma of the
proximal ulna. (i) Radiograph, preoperative. (j) Designed prosthesis. (k) 3D printed prosthesis. (I) Radiograph, 30-months postoperatively. From Brandsma et al. 2020. JSES Int.
Reproduced under the terms of the CC BY 4.0 [84]. (m-p) Comminuted distal humerus fracture. (m) Fixation failure and non-union after internal fixation. Radiographs. (n)
Computed tomography of the intact contralateral limb. (o) Implant design based on mirrored images of the contralateral limb. (p) Radiographs, 36-months postoperatively.
From Wu et al. 2020. Medicine (Baltimore). Reproduced under the terms of the CC BY 4.0 [85].

follow-up, no complications associated with shoulder reconstruc-
tion were reported [82].

In a one-stage reconstructive surgery during the course of bone
tumour treatment, humerus restoration has been performed with
custom-made, hollow prostheses that were filled with bone au-
tograft, bone allograft, or an antibiotic cement [77]. In another
humeral reconstruction following resection due to osteosarcoma,
the elbow joint was preserved with a 3D printed implant designed
for use in combination with a conventional modular tumour pros-
thesis (Fig. 8e-h). The patient retained all functionality below the
elbow with minor limitation in shoulder movement [83]. During
another effort to avoid complete reconstruction of the elbow joint,
a custom-made proximal ulna was manufactured. Accessory holes
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were incorporated for muscle attachment and the implant was
coated with titanium nitride (Fig. 8i-1). Complications included
slight sensory loss in the fifth digit. However, the patient was able
to function normally at 2.5-year follow-up, with active extension
limited to 10° and minor collateral instability, but no problems
with flexion or external rotation [84]. Further reconstructions of
the radius and ulna have been reported by retrospective studies
investigating custom-made 3D printed prosthetic implants [78,79].
Total elbow arthroplasty following a traumatic injury can be
carried out with a hinge joint prosthesis encompassing a smaller
ulnar stem and a larger humeral stem in line with the extent of
the injury (Fig. 8m-p). The range of motion at the elbow joint was
between 0° and 135°, together with rotation up to 90° [85].
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Fig. 9. (a-b) Giant cell tumour at the fourth proximal phalanx. (a) Radiographs, preoperative. (b) Radiograph, 12-months postoperatively. From Beltrami G. 2018. BM] Case
Rep. Reproduced under the terms of the CC BY-NC 4.0 [86]. (c-f) Giant cell tumour of the metacarpal. (c) Radiograph, preoperative. (d) 3D printed prosthesis. (e) Radiograph,
24-months postoperatively (anteroposterior view). (f) Radiograph, 24-months postoperatively (lateral view). From Xu et al. 2021. Ann Transl Med. Reproduced under the

terms of the CC BY-NC-ND 4.0 [87].

4.6. Hand (phalanx and metacarpal)

One reported case of phalangeal giant cell tumour reoccurrence
necessitated complete excision of the affected phalanx and the ar-
ticular joint following previous reconstruction with an autologous
bone graft. For this purpose, a personalised prosthesis was de-
signed with holes to allow ligament attachment (Fig. 9a-b) [86].
Similarly, personalised EBM manufactured prostheses can be used
to address unsatisfactory results achieved by conventional treat-
ments for metacarpal giant cell tumours (Fig. 9c-f). The excised
bone was replaced with prostheses having a head-and-handle ge-
ometry and a smooth surface [87].

4.7. Pelvis

Anatomically complex pelvis reconstructions following exten-
sive tumour resection also benefit from a personalised medicine
approach that EBM has to offer. A promising patient-specific de-
sign consists of a solid body with a porous bone-facing surface.
Reportedly, early complications in such prostheses include wound
dehiscence and failure of adaptation between the prosthesis and
the pubic symphysis. Deep infection and systemic sepsis are re-
ported as late complications and may require replacement of the
prosthesis with an antibiotic cement spacer [88]. In a similar ap-
proach, anatomically conforming hemipelvic prostheses can be de-
signed in a honeycomb-like configuration to reduce the weight of
the implant, with a porous bone-facing surface (400-450 um pore
size, 70% porosity) and solid load-bearing regions [89]. In terms of
blood loss, length of surgical incision, quality of resection margins,
and duration of surgery personalised prostheses offer significant
advantages over the conventional nail rod or steel plate systems for
pelvic reconstruction [90]. Large, custom-made, hemipelvic pros-
thesis with a macro-porous bone-facing surface (~400 pum pore
size, 60% porosity) adds to the list of successful pelvic recon-
structions (Fig. 10a-e) [91]. Similarly, ilium reconstruction using a
porous endoprosthesis shows good stability and alignment at 18
months [76]. The combination of 3D printed implants and con-
ventional orthopaedic solutions can also be attempted in pelvic
reconstructions. For example, a patient-specific pelvic implant of
uniform lattice structure with an acetabular socket at the correct
inclination/anteversion and a conventional acetabular cup may be
assembled, ex situ, prior to insertion [83]. Endoprostheses can be
designed so as to allow graft inclusion within a hollow cavity, with
the aim to improve vascularisation of the residual bone and likeli-
hood of osseointegration [77].

Sacral osteosarcomas are very rare. The surgical treatment is
challenging since adequate surgical margins are difficult to ob-
tain and survival rates remain low [92]. Successful reconstruction
of the left hemisacrum following an osteosarcoma excision has
been demonstrated with a custom-made prosthesis. The sacrum
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was cut along the midline, from L2 to the coccyx, and replaced
with a porous Ti6Al4V prosthesis. Bone ingrowth and fusion with
the residual right sacrum were noticeable by one year postoper-
atively [93]. Depending on the extent of tumour growth, custom-
made hemipelvic endoprostheses with acetabular components can
be used in reconstructions involving the ilium, acetabulum, pubis,
and ischium. Prostheses having both solid areas and porous struc-
tures, at 600 pm pore size and 70% porosity, have been found to
be useful. Where complete acetabulum excision was needed, at-
tachment to the pubis was achieved with either a pubic stem or a
‘cap-like’ connection. Here, no severe complications were reported
at ~2-year follow-up [94].

Partial and complete pubis restoration following a chondrosar-
coma excision can be achieved using prostheses with and with-
out a pubic symphysis traversing stem. Specifically for prostheses
without a stem, porous structures (600 pm pore size, 70% poros-
ity) were introduced at the pubis-ilium and pubis-ischium inter-
faces. No implant failure or recurrent disease was reported at 24-
month follow-up (Fig. 10f-k) [95,96]. In two cases of periacetabular
Ewing’s sarcoma (in a 6- and an 8-year-old), excision was carried
out via a trans-acetabular osteotomy based on the ‘triradiate car-
tilage strategy’. Here, the prostheses were designed not to mimic
the original anatomy, but to optimise function (Fig. 101-p). Load-
ing forces on the prostheses were examined by simulating the con-
ditions of various activities including walking, single leg standing,
standing up, sitting down, ascending, and descending stairs in a fi-
nite element model. The topology was thus optimised by reducing
the bulk of the prosthesis and removing unnecessary material from
minimally load-bearing regions [97]. In pelvic reconstructions af-
ter bone tumour, the proximal resection levels of the ilium may be
used as a guide to design the prosthesis. For instance, in resections
that involve the entire iliac bone or part of the sacrum, spinopelvic
fixation of the 3D printed prosthesis has been recommended [78].
The overall success rate of pelvic reconstructions varies and is diffi-
cult to compare as it involves a wide range of confounding factors.
In a large study where the majority of cases involved pelvic recon-
struction, wound dehiscence was the most frequent complication
with good functional results in 85% of the cases [79].

4.8. Hip, femur, and tibia

Massive acetabular bone loss due to periprosthetic joint in-
fection has been addressed with a two-stage hip revision using
custom-made acetabular implants with an overall implant survival
of 95%. Acetabular components were designed with a thick porous
structure on the exterior and a wide porous structure on the inte-
rior of the implant. In some cases, flanges were added for better
fixation [98]. Preoperative planning of centre of rotation and incli-
nation, in custom-made acetabular components with bone facing
trabecular regions, can be highly valuable in minimising peripros-
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Fig. 10. (a-e) Metastatic acetabulum carcinoma. (a) Computed tomography, preoperative. (b) Simulated matching of residual hemipelvis and pelvic prosthesis. (c) 3D printed
prosthesis (d) Preoperative fitting and 3D printed prosthesis. (e) Radiograph, 3-months postoperatively. From Han et al. 2019. Medicine (Baltimore). Reproduced under the
terms of the CC BY-NC-ND 4.0 [91]. (f-h) Prosthesis with a medullary stem for insertion into the pubis. (f) 3D printed prosthesis. (g) Radiograph, 6-months postoperatively.
(h) Fretting wear around medullary stem (tomosynthesis). From Zhang et al. 2021. BMC Musculoskelet Disord. Reproduced under the terms of the CC BY 4.0 [96]. (i-k)
Prosthesis comprising solid and porous structures and four fixation screws. (i) Prosthesis design. (j) 3D printed prosthesis. (k) Radiograph, 2-months postoperatively. From
Zhang et al. 2020. ] Orthop Surg Res. Reproduced under the terms of the CC BY 4.0 [95]. (I-p) Periacetabular Ewing’s sarcoma. (1) Anatomically accurate prosthesis design.
(m) Reduced volume prosthesis design achieved via topology optimisation. (n) Finite element simulation of loading. (0) Preoperative fitting of 3D printed prosthesis. (p)
Radiograph, 48-months postoperatively. From Zhu et al. 2021. ] Orthop Translat. Reproduced under the terms of the CC BY-NC-ND 4.0 [97].

thetic failure. For example, only one failure is reported during 12-
40 month follow-up of large acetabular bone defect reconstruc-
tions [99]. Single case of acetabular bone defect in developmental
dysplasia of the hip was resolved with customised acetabular pros-
thesis that simultaneously addressed the underlying bone defect
and restored the hip rotation centre. No radiolucency or acetabular
cup migration was noted at 12-month follow-up [100].

Custom 3D printed prostheses are also successfully used in the
correction of irregularly shaped femoral defects caused by trauma
or infection via a two-step approach. First, the defects are re-
moved and a temporary fixation is put in place. Second, a custom-
made hollow-body prosthesis mimicking the size and shape of
the original bone, with a dodecahedron pore design (~625 pm
pore size, 70% porosity), is affixed to the remaining bone us-
ing intramedullary nail fixation [101]. Other potential implant de-
signs for femoral reconstructions include solid body with a lat-
tice structure coating (Fig. 11a-d), or a two-part mesh body that
wraps around the native bone and is held into position with in-
tramedullary nail fixation and bone cement (Fig. 11e-h) [83].

Reconstructions of proximal tibiae following tumour resection
are also frequently undertaken. Prostheses designs have taken
into consideration the morphological appearance of correspond-
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ing healthy tibia, attachment of collateral ligaments, and incorpo-
ration of standard knee prostheses so that a medullary stem can
be inserted through the 3D printed block (Fig. 11i) [102]. Where
knee joints are preserved, the resected bone is replaced by patient-
specific proximal tibial prostheses. Implants have been manufac-
tured so that the bone-facing surface and areas of patellar tendon
attachment are porous (450-550 um pore size and 60% porosity)
[103]. In one case of preserved knee joint after subchondral gi-
ant cell tumour removal, a two-part porous implant was designed
to support subchondral graft in the tibial epiphysis and maintain
proper articulation of the knee. A bearing-plate and a strut were
connected together through a specialised slideway, and the strut
was fixed by screws to the tibial cortex (Fig. 11j-k) [104]. In cases
of malignant primary bone tumour invading intercalary tibia, pros-
theses with highly cancellous surface to promote tissue ingrowth
were custom-designed (Fig. 111-0) [105]. A personalised, two-part
mega-endoprosthesis was designed to accommodate preservation of
the knee joint following chronic allograft rejection (Fig. 11p-s). An
EBM manufactured head with trabecular structure (65% porosity)
was attached to the cortex of the tibial plate, and a stem produced
by traditional casting to ensure mechanical stability by press fitting
into the distal tibia [106].
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Fig. 11. (a-d) Undifferentiated pleomorphic sarcoma of the femur. (a) Radiograph, preoperative. (b) Prosthesis design. (c) 3D printed prosthesis. (d) Radiograph, postoperative.
(e-h) Femoral metastasis of renal cell carcinoma. (e) Prosthesis design. (f) 3D printed prosthesis. (g) Radiograph, postoperative. (h) Radiograph, 3 months postoperatively.
From Park et al. 2020. Acta Orthop. Reproduced under the terms of the CC BY 4.0 [83]. (i) 3D printed prosthesis for proximal tibia reconstruction. From Luo et al. 2017.
Med Sci Monit. Reproduced under the terms of the CC BY-NC-ND 4.0 [102]. (j-k) Giant cell tumour of the proximal tibia. (j) Radiograph, preoperative. Inset in j: Prosthesis
consists of a bearing plate and strut with three screw holes. (k) Radiograph, 29-months postoperatively. From Lu et al. 2019. BMC Surg. Reproduced under the terms of
the CC BY 4.0 [104]. (1-o0) Intercalary distal tibia implant. (1) Prosthesis design. (m) Solid implant with a highly porous surface and extracortical plates having interlocking
screws. (n) Magnified view of the porous surface. (o) Radiograph, postoperative. From Guder et al. 2021. ] Pers Med. Reproduced under the terms of the CC BY 4.0 [105].
(p-s) Multi-component prosthesis for tibial reconstruction. (p) 3D printed proximal part and cast stem. (q) Radiograph, postoperative (anteroposterior view). (r) Radiograph,
postoperative (lateral view). (s) Radiograph, 26-months postoperatively. From Lu et al. 2018. World ] Surg Oncol. Reproduced under the terms of the CC BY 4.0 [106].

4.9. Foot (phalanx, talus, and calcaneus)

Proximal phalangeal prosthesis was used in a phalanx recon-
struction of the fifth toe following removal of the osteolytic le-
sion attributable to giant cell tumour. Despite initially satisfactory
clinical outcomes (including normal weight bearing of the fifth
metatarsal head), a dorsiflexion contracture of the toe developed
after 8 months and progressed to a full-fixed, overriding toe de-
formity by 18-24 months (Fig. 12a-e) [107]. Total talar replace-
ment following avascular necrosis allows preservation of tibiota-
lar articulation. Using EBM manufactured CoCr talar implants, with
or without a titanium nitride coating, complete talar replacement
was performed with significant improvement in patient-reported
outcomes [108]. Similar results are reported in a retrospective
study involving patients undergoing the same procedure [109]. In
a single-case study using 3D printed talar implant, improved gait
is reported at a one year postoperative follow-up [110]. EBM man-
ufactured, nickel-plated, CoCr implants used in complete talar re-
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placement are also capable of maintaining anatomical alignment of
the ankle [111]. Total talar replacement, necessitated by osteosar-
coma excision, has also been performed with a 3D printed talar
prosthesis made from medical-grade titanium. The prosthesis de-
sign incorporated features such as tunnels to attach the deltoid
ligament, anterior talofibular, and talonavicular ligament (Fig. 12f-
i) [112]. In two patients that previously underwent ankle replace-
ment, custom-made total talar prostheses were used following
aseptic talar collapse. In one patient, the talar prosthesis was de-
signed to custom-match the corresponding polyethylene surface of
the ankle prosthesis, while the second patient underwent total an-
kle revision with a custom-made talar component (Fig. 11j) [113].
The calcaneus is the largest bone in the foot with a significant
role in weight bearing and stability. In the case of a chondrosar-
coma resection requiring total calcaneus replacement, a person-
alised prosthesis was fabricated with anchor points to which the
Achilles tendon, plantar fascia, and the spring ligament could be
attached [114]. In a similar case of calcaneal desmoplastic fibroma,
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61-year-old
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Fig. 12. (a-e) Giant cell tumour of the fifth toe. (a) Radiograph, preoperative. (b) Computed tomography. (c) Prosthesis design. (d) Radiograph, postoperative (anteroposterior
view). (e) Radiograph, 24-months postoperatively (anteroposterior view). Overriding toe due to contracture of scar tissue. From Chandhanayingyong et al. 2020. Int ] Surg
Case Rep. Reproduced under the terms of the CC BY 4.0 [107]. (f-i) Collapse of the left talus. (f) Radiograph, preoperative (lateral view). (g) Intraoperative imaging to
confirm positioning of the implant. (h) Radiograph, postoperative (anteroposterior view). (i) Radiograph, postoperative (lateral view) From Huang et al. 2021. ] Foot Ankle
Surg. Adapted with permission from Elsevier [112]. (j) Total talus arthroplasty in a 61-year old and a 77-year old. Radiographs, 36-months postoperatively. From Strand
et al. 2022. Foot Ankle Surg (N Y). Reproduced under the terms of the CC BY-NC-ND 4.0 [113]. (k-n) Desmoplastic fibroma of the calcaneus. (k) Radiograph, preoperative
(lateral view). (1) Computed tomography. (m) 3D printed implant. (n) Radiograph, 16-months postoperatively (lateral view). From Park et al. 2018. JBJS Case Connect. Adapted
with permission from Wolters Kluwer Health, Inc. [115]. (o-u) Bilateral drop foot. (0) Photograph of right foot, preoperative. (p) Radiograph, preoperative (lateral view). (q)
Computed tomography (cross-section view). (r) Finite element simulation of the gait cycle with the designed fixation plate. (s) 3D printed fixation plate. (t) Preoperative
fitting of the 3D printed fixation plate. (u) Radiograph, 3-months postoperatively (lateral view). From Yao et al. 2021. Comput Biol Med. Reproduced under the terms of the
CC BY-NC-ND 4.0 [116].

a patient-specific prosthesis was designed to preserve the Achilles tem’ [117,118]. Absence of relative motion between the implant sur-
tendon insertion site. The articular surface, heel pad, and implant face and surrounding tissues under functional loading is a key con-
body were solid, while a 2 mm mesh was used on the remain- sideration in achieving osseointegration [119,120]. Having a surface
ing surface of the implant (Fig. 12k-n). The meshed surface was roughness at least an order of magnitude greater than traditional
used for attachment of necessary ligaments and soft tissues. Me- surface modification methods (including acid etching and anodic

chanical testing of the prosthesis measured maximal compression oxidation), experimental studies routinely show promising results
load of 2700 kg, which is well above the requirements of everyday for EBM manufactured Ti6Al4V [34,121] and CoCr [38,39,122] con-

dynamic forces [115]. In a tibiotalocalcaneal arthrodesis procedure, structs, both with or without integrated macro-porous architecture.

personalised plates were designed according to the patient’s ankle Since osseointegrated implants are generally not removed for ex

morphology, and optimised with finite element modelling to with- situ analysis, only a handful of clinical studies have been able to

stand physiological loading (Fig. 120-u) [116]. perform histological evaluation to definitively verify osseointegra-
tion, albeit without detailed characterisation of peri-implant bone
quality.

5. Histological evidence of osseointegration .
5 8T Compared to conventionally manufactured acetabular cups,

lamellar bone ingrowth is observed more frequently in EBM manu-
factured acetabular cups suggesting that the bone remodelling pro-
cess is undisturbed [43]. Histological assessment of EBM manu-

The bone-implant interface is a ‘wide zone within which many
complex physical and chemical interactions take place between the
surface of the implanted device and the surrounding physiological sys-
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factured hemipelvic endoprosthesis retrieved due to reoccurrence
of osteosarcoma also reveals significant bone ingrowth into the
porous layer, although some regions largely contained fibrous or
loose connective tissue [48].

The use of EBM manufactured plates together with an autolo-
gous fibular flap has been found to be a valuable strategy for the
repair of mandibular fracture. During functional rehabilitation (i.e.,
to allow for dental reconstruction), en bloc retrieval of an EBM
manufactured plate together with associated bone enabled histo-
logical assessment of both the fibular flap and the native bone.
Here, normal turnover of peri-implant bone and close adaptation
(i.e., bone-implant contact) of new bone to the EBM manufactured
plate was indicative of successful osseointegration [61].

6. The need for bespoke implants - challenges for the future

Besides the traditional applications of bone-anchored
metal/alloy implants in dental and orthopaedic applications,
the major need for patient-specific and customised implants is in
rehabilitation after oncological resection. Many of such patients
receive radiotherapy. It is well-known that implants placed in
irradiated bone tend to be more susceptible to failure than those
in non-irradiated bone [123,124]. Animal experiments corroborate
clinical findings, showing lower bone-implant contact, greater
peri-implant bone resorption together with fibrotic changes, and
reduced implant stability in irradiated bone [125,126]. Irradiation-
induced deleterious effects on osseointegration are found to be
dose dependent and are primarily attributed to clinically relevant
therapeutic doses (> 50 Gy), which correspond to single doses
of ~20 Gy and higher in small animals [127-129]. Furthermore,
morphological observations of compromised osseointegration after
exposure to radiation have been noted at both the early [125] and
late [126] periods of healing. But interestingly, delaying implant
insertion following irradiation may help to offset the detrimental
effects of therapeutic radiation on osseointegration and bone
material properties [130]. A large proportion of patients receiving
personalised, EBM manufactured prostheses have suffered bone
insufficiency owing to oncological resection (Table 1). However,
clinical studies have largely failed to report the duration between
the most recent dose of irradiation and prosthetic reconstruction.
It is also unclear if patients have continued to receive adjuvant
radiotherapy after implant insertion. Therefore, long-term success
(or failure) of such patient-specific implants and the specific
effects of irradiation on bone material properties, bone ingrowth
into macro-porous geometries, and bone remodelling currently
remain challenging to discuss with a great degree of certainty.

Trabecular bone is neither random, nor a perfect ‘lattice’. In
fact, the microstructure of trabecular bone is often characterised
as a collection of plate-like and rod-like trabeculae [131]. In this
regard, EBM provides an opportunity to more accurately repli-
cate trabecular architecture. Changes in trabecular architecture due
to age and presence of disease (e.g., osteoporosis) may be ac-
commodated in the design of EBM-manufactured constructs. Age-
dependent changes include increased intracortical porosity with
associated with cortical thinning as a result of transformation of
the inner cortex into a trabecularised network of cortical bone
remnants [132]. However, a practical limitation to achieving a re-
alistic trabecular strut geometry is the size of the powder particles
used (~100 pm). Slender, yet mechanically-competent struts can
be challenging to achieve with large powder particles.

Additive manufacturing using EBM allows a wide range of
open-cellular implant designs to be fabricated in order to eliminate
stress shielding and associated bone resorption, and the ability to
utilise cementless surgical insertion as well as the enhanced, as-
sociated osseointegration and bone formation [5,14]. The ability to
fabricate graded porosity can functionalise the implant in a man-
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ner similar to natural bone [5]. In certain situations, it is desirable
to add a thin coating, such as titanium nitride, on an EBM manu-
factured component or prosthesis in order to improve wear resis-
tance and/or prevent an allergic response. Preclinical, in vitro stud-
ies have shown these to be biocompatible, without posing adverse
effects on cell proliferation or differentiation [133]. Key examples
include the endoprostheses in the vicinity of the elbow joint, and
complete replacement of the phalanx and scaphoid [52,53,84,86].
In contrast, nickel-plated CoCr implants may be cause for some
concern [111]. Further attesting to the adaptability of EBM, the
prosthesis design for a given application can be easily evolved once
problems (e.g., fretting wear) are detected [95]. Other interesting
uses of EBM include fabrication of custom-made surgical cutting
guides for resection [59], which are thought to provide safer surgi-
cal margins [79].

Titanium (and titanium alloys) have lower density (~4.4 g/cm3)
compared to CoCr (~8.4 g/cm3) [14], and therefore the Young's
modulus is closer to that of cortical bone. Furthermore, Co is po-
tentially toxic and hence there may be concerns around the use
of Co-containing alloys in biomedical applications [134]. Alterna-
tives to metal implants such as polyether ether ketone (PEEK) of-
fer certain physical characteristics (e.g., Young’s modulus) that are
closer to bone. Nevertheless, the major advantage of macro-porous
cp-Ti, Ti6AI4V, and CoCr implants is that osseointegration can be
achieved without the addition of bioactive constituents such as hy-
droxy(l)apatite that are typically added to PEEK [135,136].

Complex shaped implants pose a major challenge in terms of
mechanical testing and quality assurance. While standard shaped
specimens can be used in mechanical testing machines, for ex-
ample to investigate the influence of lattice design [137], complex
shaped implant specimens cannot be tested in the same manner.
Here, finite element modelling can be extremely valuable for test-
ing the mechanical behaviour of implant, as designed, under simu-
lated physiological loading [97,116]. Another possibility is to com-
bine non-destructive imaging such as X-ray computed tomography
and numerical simulation for quality control [138] and failure pre-
diction [139].

The cosmetic aspects of skeletal reconstructions (i.e., accuracy
of implant fitting) also warrant standardisation. The cosmetic out-
come depends on, in addition to other factors, the severity of ini-
tial skeletal deformity (loss of function) and the type of prosthesis.
Where the defect occurs unilaterally, design of the patient-specific
implant can be based on the contralateral body part, as in cases
of scapular, clavicular [76], mandibular [62], or tibial [102] recon-
structions. Assessment of morphological symmetry of radius and
ulna showed small regional differences between contralateral sides
(around 0.5 mm) with no statistical difference in length, volume,
bowing, or twisting between the two sides [140]. This suggests
that contralateral body parts can be used as a point of reference in
both implant design and in cosmetic outcome assessment. Digital
photography coupled with standardised, quantitative assessment
over the entire range of motion, with or without machine learn-
ing approaches, can pave the way towards benchmarking cosmetic
outcomes. Certain cases, for example reduced volume prostheses
designed primarily based on finite element simulation of loading
[97], cannot be expected to yield a favourable cosmetic outcome.
Here, patient-reported health surveys, such as SF-36 (Short Form
Health Survey) containing both physical and mental component
summaries, together with assessment of standardised photographs
by objective clinical observers can be used. In reconstruction of
large cranial defects improved cosmetic result was directly associ-
ated with the precise fit of the custom-made prosthesis with cos-
metic results assessed by patients using a visual scale for cosmesis
[57].

Clinical diagnostic methods such as magnetic resonance imag-
ing and computed tomography are suboptimal for obtaining infor-
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Table 1

Summary of the published literature.
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Follow-up (in

Reason Type Material Implant No. of patients months) Refs.
Onc (n = 2), patient-specific Ti6Al4V ELI Plates and meshes for mandibular 4 NR
Non-onc (n = 2) reconstruction [59]
Onc (n = 1), patient-specific titanium* Skull prosthesis 3 4.67
Non-onc (n = 2) [54]
Onc patient-specific Ti6Al4V Clavicular, scapular, and hemipelvic 3 21
prostheses [76]
Onc patient-specific titanium alloy Sternocostal prosthesis 1 1
[80]
Onc patient-specific titanium* Calcaneus prosthesis 1 5
[114]
Onc patient-specific Ti6Al4V Self-stabilising artificial vertebral body 1 12
[69]
Onc patient-specific Ti6Al4V Plate for mandibular reconstruction 1 33
[61]
Onc patient-specific Ti6Al4V Mandibular prosthesis 1 9
[62]
Non-onc patient-specific Ti6AL4V ELI Skull prosthesis 21 1143
[55]
Non-onc patient-specific titanium alloy* Spinal posterior fixation implant 1 2
[72]
Onc patient-specific Ti6Al4V ELI Mandibular prosthesis 1 NR
[67]
Onc patient-specific Ti6AI4V Self-stabilising artificial vertebral body 1 12
[70]
Onc patient-specific Ti6Al4V Hemisacral prosthesis 1 12
[93]
Onc (n = 1), patient-specific titanium* Self-stabilising artificial vertebral cage, 2 12
Non-onc (n = 1) Interbody fusion cage [74]
Non-onc patient-specific titanium* Skull prosthesis 10 12
[56]
Onc patient-specific Ti6Al4V Tibial prostheses 4 7
[102]
Onc off-the-shelf titanium alloy* Hemipelvic prostheses 35 20.5
[47]
Onc patient-specific Ti6Al4V Spinal anterior column prostheses 13 up to 18
[73]
Non-onc patient-specific Ti6Al4V Interbody fusion cage 1 6
[75]
Onc patient-specific Ti6Al4V ELI Mandibular prosthesis 1 14
[63]
Onc patient-specific titanium* Mandibular tray prostheses 8 12
[66]
Onc patient-specific Ti6Al4V Reverse shoulder prosthesis 1 24
[81]
Onc patient-specific titanium alloy* Tibial prosthesis 1 26
[106]
Onc patient-specific titanium alloy* Femoral and tibial prostheses 12 22.5
[103]
Onc patient-specific titanium alloy* Phalangeal prosthesis, hand 1 24
[86]
Non-onc patient-specific titanium* Skull prosthesis 1 6
[58]
Onc patient-specific Ti6Al4V ELI Calcaneus prosthesis 1 16
[115]
Non-onc off-the-shelf Ti6Al4V Fixation pins for femoral head 30 24
[49]
Onc (n = 10), patient-specific titanium* Hemipelvic, scapular, ulnar, radial, 13 6-26
Non-onc (n = 3) calcaneus, tibial, femoral prostheses [78]
Onc patient-specific Ti6Al4V, UMHWPE, Temporomandibular joint combined 5 13.8
CoCrMo prosthesis [68]
Non-onc off-the-shelf Ti6Al4V Acetabular cups 9864 range of 96
[44]
Onc patient-specific titanium alloy* Hemipelvic prosthesis 1 12
[91]
Onc patient-specific titanium alloy* Reverse shoulder prosthesis 7 23.6
[82]
Onc patient-specific titanium alloy* Hemipelvic prostheses 13 25.3
[94]
Non-onc patient-specific CoCr Talar prosthesis 14 5
[111]
Onc patient-specific NR Tibial prosthesis 1 29
[104]
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Table 1 (continued)
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Reason Type Material Implant No. of patients Follow-up (in
months) Refs.
Onc off-the-shelf titanium* Modular hemipelvic prostheses 80 32.57
[48]
Onc patient-specific Ti6Al4V Hemipelvic prostheses 6 18-42
[89]
Onc (n = 34), patient-specific titanium* Hemipelvic, scapular, ulnar, radial, 41 20
Non-onc (n = 7) calcaneus, tibial, femoral prostheses [79]
Non-onc patient-specific titanium* Acetabular prostheses 19 423
[98]
Non-onc patient-specific titanium* Acetabular prostheses 20 25.5f
[99]
Non-onc patient-specific titanium* Femoral prostheses 5 16.4
[101]
Non-onc patient-specific CoCr Talar prostheses 27 22.2
[108]
Onc patient-specific Ti6Al4V Mandibular prostheses 4 12
[64]
Onc patient-specific Ti6Al4V Mandibular prostheses 7 48
[65]
Onc (n = 9), patient-specific Ti6AL4V ELI Hemipelvic, femoral, and humeral 10 16.3
Non-onc (n = 1) prostheses [83]
Non-onc patient-specific Ti6ALAV ELI Skull prosthesis 10 27
[57]
Onc patient-specific titanium alloy* Phalangeal prosthesis, foot 1 24
[107]
Non-onc off-the-shelf Ti6Al4V Acetabular cups 6 retrieved
[42]
Onc patient-specific Ti6AI4V Self-stabilising artificial vertebral body 9 28.6
[71]
Non-onc off-the-shelf Ti6Al4V Acetabular cups 92 48.2
[45]
Non-onc patient-specific Ti6Al4V Elbow prosthesis 1 36
[85]
Non-onc patient-specific Ti6Al4V Acetabular prosthesis 1 12
[100]
Onc patient-specific NR Hemipubic prostheses 5 13.6
[95]
Non-onc patient-specific titanium alloy* Scaphoid prosthesis 1 12
[53]
Non-onc patient-specific CoCr Talar prostheses 15 12.8
[109]
Non-onc off-the-shelf Ti6Al4V Acetabular cups 7 retrieved
[43]
Onc patient-specific titanium* Hemipelvic prostheses 14 60
[88]
Non-onc off-the-shelf Ti6Al4V Metaphyseal components or cones 22 14
[50]
Onc patient-specific Ti6Al4V Tibial prostheses 4 21.25
[105]
Onc patient-specific titanium* Ulnar prosthesis 1 36
[84]
Onc patient-specific Ti6A14V Hemipelvic, humeral, and scapular 6 30
prostheses [77]
Non-onc patient-specific Ti6Al4V Ankle fusion plate 1 36
[116]
Non-onc off-the-shelf titanium alloy* Acetabular cups 32 93.48
[46]
Onc patient-specific NR Hemipubic prostheses 5 23.6
[96]
Onc patient-specific Ti6Al4V Hemipelvic prostheses 10 123
[90]
Onc patient-specific Ti6Al4V Metacarpal prostheses 3 30
[87]
Non-onc patient-specific titanium alloy* Hemiscaphoid prosthesis 1 24
[52]
Non-onc patient-specific NR Talar prosthesis 1 12
[110]
Onc patient-specific Ti6Al4V ELI Talar prosthesis 1 24
[112]
Onc patient-specific Ti6Al4V Hemipelvic prostheses 2 24 and 48
[97]
Non-onc patient-specific CoCr Talar prostheses 2 16 and 36
[113]

Onc = oncological; Non-onc = Non-oncological (trauma, disease, or infection)
# = not specified; T = median; NR = not reported.
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Table 2
Challenges/complications reported in the published literature.
Challenges/complications Notes Refs.
Wound dehiscence Related to bulky implants or presence of sharp Hemipelvis [48]
edges. Can be prevented by implant redesign, Mandible [65]
smooth/polished implant surface, Mandible [66]

Implantation site access

Infections (with/without implant removal)

Muscle/soft tissue attachment

Fretting wear/loosening

Scar tissue contracture - implant displacement

Implant displacement or subsidence

Limited range of motion

pre-implantation soft tissue expansion

Obstruction due to anatomical structures, may be
circumvented by use of specialised surgical
equipment

Can be avoided by incorporating antimicrobial
strategies, e.g., antimicrobial coatings for
controlled release

Integrated design features that allow soft tissues
to be surgically attached

Can be prevented by using a wear resistant alloy
(e.g., CoCr) or wear resistant coatings, implant
redesign

Correction involves scar tissue removal, revision
surgery, skin grafting

Related to incorrect implant positioning or
mismatch between implant geometry and
anatomy

May be improved by anatomically-accurate
implant design, use of guides for implant

Pelvis, calcaneus [78]

Pelvis, calcaneus [79]

Pelvis [88]

Talus [109]

Self-stabilising vertebral body [69]

Hemipelvis [48]

Knee cones and sleeves [50]
Pelvis [77]

Pelvis [78]

Pelvis, sacrum [79]

Pelvis [88]

Hip [98]

Clavicle, scapula, pelvis [76]
Proximal tibia [102]

Talus [112]

Calcaneus [114]

Calcaneus [115]

Pubis [96]

Fifth toe [107]

Intervertebral bodies [73]
Pelvis [97]

Glenoid, humerus [82]
Ulna [84]

positioning

Delayed wound healing
of deficiencies

Preoperative nutritional evaluation and correction

Elbow [85]

Pelvix [97]

Knee [103]

Talus [108]

Talus [109]

Calcaneus [114]

Clavicle, scapula, pelvis [76]

mation on peri-implant bone microarchitecture and bone quality.
Therefore, the clinical success of most implant-based treatments is
ascertained from survival data. In this regard, together with bet-
ter reporting of the clinical challenges (Table 2), more evidence
is needed on the clinical effectiveness and long-term success of
EBM and other additive manufacturing techniques. As has been
pointed out by others in the context of custom-made spinal im-
plants [141], a higher level of evidence will be necessary for per-
sonalised implants, in general. Furthermore, not only is there in-
consistent reporting of the material used, e.g., several studies only
indicate ‘titanium’ while some provide no information whatsoever,
there is a great lack of reporting of percentage porosity, pore size,
pore geometry, strut geometry, and the overall stiffness. The per-
centage porosity and pore sizes most frequently reported in the
literature are in the range of 60-80% and 330-700 pm, respec-
tively. It remains unclear, however, how much porosity and what
pore size is optimal for a given anatomical location and a given
clinical application. The pore/strut geometry and the overall im-
plant design can be optimised at multiple length scales, i.e., micro-
to-macro, based on established principles of bone mechanobiol-
ogy in order to achieve consistent mechanobiological properties
and ideal surface properties to promote bone healing and osseoin-
tegration [142]. Bone ingrowth and bone remodelling have tradi-
tionally been modelled independently using various mathemati-
cal/computational approaches, however, multiscale modelling ap-
proaches can reveal more accurate information on the mechanore-
sponse of bone after implant placement [143].
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In clinical use, EBM-manufactured devices (both off-the-shelf
and patient-specific implants) have noteworthy merits in compari-
son to those obtained by conventional manufacturing methods that
produce solid structures. For example, reduced overall bulk min-
imises the stiffness mismatch between the implant and bone, and
therefore stress shielding [12], while the porous geometry allows
for bone (and soft tissue) ingrowth, allowing for improved me-
chanical anchorage [144]. Patient-specific implants allow for a bet-
ter fit of the prosthesis and potentially better function (such as ex-
tended range of motion) compared to off-the-shelf implants, as in
the case of acetabular cups. For many applications, conventional
or off-the-shelf solutions are not available, e.g., maxillofacial recon-
structions, and therefore patient-specific implants are the only op-
tion. Where such novel strategies push the envelope of skeletal de-
formities that can be corrected, regulatory procedures and stan-
dardisation guidelines for additively manufactured implants tend
to vary globally and continue to evolve. The Food and Drug Ad-
ministration (FDA), for example, only provides clearance to individ-
ual devices for specific intended uses, but not to materials for un-
specified intended uses. At the same time, devices containing new
materials may obtain clearance under the provision that the new
material is at least as safe and effective as in an equivalent legally
marketed device and does not raise additional questions of safety
or effectiveness [145].

There are several new materials under development for EBM fo-
cussing on biomedical applications. Notable examples include NiTi
shape memory alloys [146,147], and titanium-based alloys contain-
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ing Nb, Zr, Ta (also referred to as TNZT alloys, e.g., Ti-35Nb-7Zr-
5Ta) [148]. However, these are in the very early stages of develop-
ment, with little or no information on biocompatibility or osseoin-
tegration, leaving them far from preclinical and/or clinical imple-
mentation.

Going forward, a potential direction for further development is
customised strut design (and pore architecture) taking into con-
sideration not only the expected microarchitecture of the anatom-
ical site (for a given application) but also factors specific to the
patient, including mechanical loading conditions. Finally, progress-
ing beyond the simplistic view of a dense ‘cortical bone-mimicking’
shell and a porous ‘trabecular bone-mimicking’ interior [73], bone
must be viewed as a multi-scale, hierarchically organised system
[149,150] that continuously and continually adapts in response to
mechanical stimulation [151,152].
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