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Abstract
The prospect of improved quality of life and the increasingly younger age of patients benefiting from Total Hip Arthroplasty 
will soon lead to the landmark of 10 million interventions per year worldwide. More than 10% of these procedures lead to 
significant bone resorption, increasing the need for revision surgeries. Current research focuses on the development of hip 
implant designs to achieve a stiffness profile closer to the natural bone. Additive Manufacturing has emerged as a viable 
solution by offering promising results in the fabrication of implant architectures based on metallic cellular structures that 
have demonstrated their capacity to replicate bone behavior mechanically and biologically. Aiming to offer an up-to-date 
overview of titanium cellular structures in hip implants, for both acetabular and femoral components, produced by Additive 
Manufacturing, including its design intricacies and performance, this comprehensive review meticulously examines the 
historical development of hip implants, encompassing commercial solutions and innovative attempts. A broad view of the 
practical applications and transformative potential of hip implants incorporating cellular structures is presented, aiming to 
outline opportunities for innovation.

Keywords  Additive manufacturing · Cellular structures · Metallic materials · Total hip arthroplasty · Architectured hip 
implants · Osteointegration

Nomenclature
3D	� Three-dimensional
Alu	� Alumina
AM	� Additive manufacturing
CaCO	� Calcium carbonate
CAD	� Computer-aided design
CM	� Conventional manufacturing
Co	� Cobalt
CoCr	� Cobalt-chromium
CoCrMo	� Cobalt-chromium-molybdenum (commercial 

name: vitallium)
Cr	� Chromium
D	� Diamond-like
DS	� Diamond-like with support
DIC	� Digital image correlation
DMLS	� Direct metal laser sintering
EBM	� Electron beam melting
EBMP	� Electron beam melting-processed
Fe	� Iron
FE	� Finite element
FEA 	� Finite element analysis
FGM	� Functionally graded materials
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FoV	� Field of view
H	� Honeycomb-like
HS	� Honeycomb-like with support
HA	� Hydroxyapatite
HMWPE	� High molecular weight polyethylene
LENS	� Laser-engineered net shaping
LPBF	� Laser powder bed fusion
LRM	� Laser rapid manufacturing
MES	� Minimal effective strain
Mg	� Magnesium
MgCO	� Magnesium carbonate
Mo	� Molybdenum
MSC	� Mesenchymal Stem Cells
Nb	� Niobium
NHOst	� Normal human osteoblast cells
PBF	� Powder bed fusion
PBS	� Phosphate-buffered saline
PE	� Polyethylene
PJI	� Prosthetic joint infection
PPS	� Polyphenylene sulfide
PTFE	� Polytetrafluorethylene
PU	� Polyurethane
SDGPS	� Schwartz diamond-graded porous structures
Sl	� Silica
SOMA	� Stryker orthopedics modeling and analytics
SS	� Stainless steel
St	� Steel
STSR	� Strength-to-stiffness ratio
STVR	� Surface-to-volume ratio
Ta	� Tantalum
TAOR	� Triply arranged octagonal rings
THA	� Total hip arthroplasty
Ti	� Titanium
Ti6Al4V	� Alpha-beta titanium alloy
TiAlV	� Titanium-aluminum-vanadium
Ti-VPS	� Titanium vacuum plasma spray
TPMS	� Triple periodic minimal surface
UHMWPE	� Ultra-high-molecular-weight polyethylene
Va	� Vanadium
VEHXLPE	� Vitamin E-infused highly cross-linked 

polyethylene
YM	� Young’s modulus
YS	� Yield strength
Zi	� Zirconia
Zr	� Zirconium

1  Introduction

Humankind’s quest for constant improvement and evolution 
began in the primordial eras. For this reason, an enduring 
mission to explore every conceivable outcome and discover 
optimal solutions has emerged. In the past, the treatment for 

hip diseases was radical and relied on limb amputation [1]. 
Following the introduction of John Charnley’s low-friction 
arthroplasty concept, surgical procedures became less bur-
densome for patients, substantially enhancing their quality of 
life. Nonetheless, this prosthetic innovation has been linked 
to several complications [2–8]. Some of these issues have 
diminished over time, while others have gained prominence.

Initially, chronic infection and resulting pain were common 
issues in limbs with the prosthesis due to the use of materials 
such as wood or ivory that were not well tolerated by human 
cells [9, 10]. Attempts were made to address these problems by 
using materials like glass [11], acrylic resin [12], and polytetra-
fluoroethylene (PTFE) [13]. However, these materials proved 
to be too fragile to withstand joint stresses, and some did not 
alleviate the pain, leading to implant failure [14].

Over time, with adjustments in materials and designs, 
surgeons were able to identify specific combinations that did 
not have immediate adverse effects. Nevertheless, 10% of all 
Total Hip Arthroplasty (THA) will fail after 15 years of the 
incision [15]. In these cases, the individuals may experience 
pain, limited mobility, and a decrease in overall well-being 
due to complications such as implant wear or loosening. This 
discomfort can impact daily activities, hinder mobility, and 
reduce the ability to enjoy an active lifestyle. The primary 
approach to address this issue is through implant revision 
surgery. However, the period until needing another surgery 
reduces to half, every time [15].

As the prevalence of THA and revision of THA increases 
[16–19], the demand for innovation in enhancing bone 
cell responses for improved fixation and load distribution 
becomes dominant. The intricate cellular structure of tra-
becular bone exhibits remarkable lightweight properties and 
exceptional energy absorption capabilities. The incorpora-
tion of porous structures in implants is believed to mimic 
the cancellous bone, fostering bone ingrowth within the 
pores [20–24] and driving the need for cutting-edge solu-
tions. Mimicking this sophisticated design, engineered cel-
lular structures are set to revolutionize the biomedical area. 
Consequently, these structures are extensively studied with 
a focus on their application in the orthopedic field, espe-
cially to reduce implant weight and minimize existing com-
plications. However, a current and comprehensive review 
encompassing titanium lattice structures produced through 
Additive Manufacturing (AM) technologies in the orthope-
dic sector, examining their potential for bone replacement, 
and consolidating ongoing research endeavors centered on 
the integration of cellular structures into significant compo-
nents of hip implants, including both acetabular and femoral 
components, remains notably absent.

This review delves into the historical context and evolu-
tion of hip implants, offering an overview of solutions for 
hip arthroplasties since 1880, comparing them with current 
options. It explores persistent issues in hip arthroplasties, 
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examining commercial solutions and patents proposing inno-
vative concepts, such as fully porous shells or coatings, as 
well as advanced techniques like additive manufacturing. 
The potential of this technology in orthopedics was recog-
nized, assessing the mechanical and biological performance 
of metallic structures, including various types found in the 
literature. The cellular structures that strike an ideal balance 
between key properties like Young’s modulus, porosity, and 
pore size for hip implant applications are identified. The 
final goal of this review is to deliver an exhaustive narrative 
that traces the historical evolution of hip implants up to the 
present advancements, focusing on the integration of cellular 
structures within these implants, both acetabular and femoral 
components. With a comprehensive analysis of the develop-
ment and contemporary research in the field, this review 
aims to offer insights into the transformative potential of 
hip implants incorporating cellular structures in real-world 
scenarios.

1.1 � Historical context

The first instance where limb sacrifice was not required to 
preserve the joint occurred in 1821. This procedure, per-
formed by Anthony White, involved the excision of the head 
of the femur, known as Excision Hip Arthroplasty [1, 25, 
26]. In 1826, John Rea Barton developed the first Osteotomy, 
specifically when articular movement ceased and true anchy-
losis had taken place [27]. Incisions were made on the pel-
vic and/or femoral bone to reshape them, thereby improving 
femoral head coverage and stabilizing the hip joint [9, 28, 
29]. Despite these revolutionary procedures, restoring joint 
mobility remained a challenge. Carnochan nearly reached 
the benchmark for the first hip implant replacement in 1840 
by replacing the hip joint with wooden blocks between the 
damaged ends, the Interposition Arthroplasty. The poor 
material prompted Auguste Verneuill to develop Soft Tis-
sue Interposition Arthroplasty in 1860 [9].

The human skeleton’s structure laid the groundwork for 
modeling implants. In 1880, Themistocles Gluck pioneered 
artificial knee, elbow, wrist, shoulder, and hip implants from 
ivory [10, 30]. Gluck also introduced fast-hardening cement 
within the marrow [9, 10] for hip implant fixation [31], yet 
he faced chronic infections in all joint replacements [31].

The fascinating journey of hip implant innovation initiates 
in 1919 when Pierre Delbet pioneers a rubber femoral pros-
thesis for hip replacements [1]. Then, in 1923, Marius Smith-
Petersen introduces the “mould,” initially made of glass and 
seated on the femoral head. Over time, materials evolve into 
Pyrex, Bakelite, and finally Vitallium, a cobalt-chromium 
alloy, marking a pivotal moment in 1938 with over 500 
implants by 1947 [11, 14]. Further experiments unfold, like 
Phillip Wiles’ attempt with stainless steel in 1938 [14, 30], 
and Austin T. Moore and Harold Ray Bohlman’s Vitallium 

femoral implant driven into the medullary canal in 1940 [32, 
33]. The late 1940s bring the Judet brothers, who implant an 
acrylic resin femoral head [12, 14]. Finally, in 1950, Freder-
ick Roeck Thompson refined the Moore prosthesis, eliminat-
ing fenestrations and introducing a stem collar, a testament 
to the ever-evolving world of hip implant innovations [33].

At the Royal National Orthopaedic Hospital in Stanmore, 
a pioneering THA endoprosthesis emerged in 1963, offering 
effective pain relief until 1997 [34]. Subsequent innovations 
primarily involved modifications to existing models. The 
Thompson implant, introduced between 1956 and 1960 by 
G. K. McKee and J. Watson-Farrar, featured a reduced femo-
ral component head dimension and a chrome-cobalt alloy 
cup attachment [35]. Additionally, Peter A. Ring enhanced 
Moore’s prosthesis in 1964 with an acetabular component 
comprising a simplified cup and a posteriorly redesigned 
long stem to reinforce the junction area [36].

John Charnley, known as the modern THA pioneer, intro-
duced low-friction arthroplasty in the 1950s using PTFE 
for the acetabulum’s interior shell and the femoral head’s 
exterior shell [1, 37–40]. However, in 1961, high molecu-
lar weight polyethylene (HMWPE) replaced PTFE due to 
its superior wear resistance, being 500–1000 times more 
wear-resistant [13]. In 1974, Gilles Bousquet and André 
Rambert introduced the dual mobility cup for the acetabu-
lar component [41]. The 1983 release of the Robert Mathys 
(RM) Classic monoblock cup featured two variants: Clas-
sic RM, a special surface finishing, and Classic HA, with a 
hydroxyapatite (HA) layer.

In the early 2000s, the RM Press-Fit cup came to the 
forefront but was later succeeded by the RM Vitamys, incor-
porating the transition from ultra-high molecular weight 
polyethylene (UHMWPE) to vitamin E-infused highly cross-
linked polyethylene (VEHXLPE) [42]. Simultaneously, 
a modular cup system was developed by PINNACLE®, 
DePuy Synthes, available today.

The development of the femoral component progressed 
alongside the acetabular component. In 1970, Pierre-Bou-
tin developed a ceramic-on-ceramic bearing [30, 43], while 
Robin Ling and Clive Lee introduced a stainless-steel alloy 
EN58J double-tapered and polished stem with a 30-mm head 
called Exeter, intended for cement fixation [44, 45]. Vari-
ations of the ExeterTM followed, such as the Exeter Uni-
versal, with a distal taper, in 1988 [45], and the ExeterTM 
V40™, with a centralizer, since 2002 [46]. Professor Mül-
ler introduced a straight stem with standard and lateralizing 
versions in 1977 and, a decade later, a self-locking straight 
stem [47]. The Taperloc, a collarless femoral component 
with Ti6Al4V porous coating, gained recognition in 1983 
[48]. From 1986 to 1990, the Corail® Ti6Al6V4 stem with 
microtextural features and hydroxyapatite coating was intro-
duced [49]. Based on Müller Straight Stem and the Corail® 
cementless HA-coated stem, the cementless Avenir stem, 
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incorporating Ti6Al4V alloy with macro surface structure, 
titanium plasma pre-coating, and full hydroxyapatite coat-
ing, was launched in 2005 [50].

The hip implant has seen notable changes in materials, 
design, and surface finishes. Despite these advancements, 
the fundamental concept remains unaltered. The significant 
shift from 2002 to the present is the utilization of AM for 
implant fabrication. The information sources encompassed 
review articles, survivorship reports, surgeon biographies, 
published articles, and books. Figure 1 offers a visual sum-
mary of the highlighted designs, showcasing the progression 
of this treatment over the years.

1.2 � Commercially available hip implants

Based on the hip implant evolution described earlier, it is pos-
sible to understand that despite decades of evolution, current 
implants still adhere to the same designs with a few modifica-
tions, primarily focusing on surface topography [57]. These 
implants can be categorized into three types: cemented, cement-
less, or hybrid. In the cemented category, as the name suggests, 
acrylic cement is used [58, 59] not to fixate the prostheses to 
the surrounding bone, but rather to serve as an interposition 
layer between the bone and the implant, accommodating the 
stresses caused by the difference in stiffness between them 

[60]. Cementless fixation is characterized as a press-fit fixa-
tion [60], wherein the implant is inserted into a bone canal 
prepared by the surgeon [58]. These implant components 
typically feature a porous coated surface to promote osteoin-
tegration and enhance initial stability [58–60]. The coating 
can include plasma-sprayed hydroxyapatite, sintered titanium 
beads, plasma-sprayed titanium, biomimetic titanium coatings, 
and others [59, 60]. Hybrid fixation refers to an implant fixation 
where one component is cementless while the other is fixated 
with bone cement [61]. Therefore, the design of the implant 
depends on the fixation type. For instance, in cementless fixa-
tion, the surface needs to be porous to facilitate osteointegra-
tion. Conversely, in cemented fixation, an end cap/centralizer is 
provided to enable the stem to subside within the cement mantle 
without end bearing, ensuring optimal load transfer [51]. These 
types of implant fixation are represented in Fig. 2.

The current THA relies primarily on two components: the 
acetabular component and the femoral component, depicted 
in Fig. 2. The most recent acetabular component used is the 
dual mobility cup, which consists of an acetabular cup with 
or without an inserted shell. It is fixated into the pelvis by 
press-fit (sometimes coupled with screw fixation) or by bone 
cement. The acetabular liner, mechanically locked in the 
shell, serves as a tribological surface. It undergoes wear as 
the femoral head moves inside the acetabular cup, providing 

Fig. 1   Hip implant evolution (adapted and schematized from references [11, 13, 14, 30, 31, 33–35, 37, 38, 42, 48, 49, 51–56])
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improved stability, reduced impingement, and lower friction 
and wear [41, 52]. These two parts can be separated with a 
modular acetabular cup, or they can be factory-preassembled 
in a single piece, known as a monoblock acetabular cup [62].

The femoral component consists of a stem and a femoral 
head. In the case of a monoblock femoral component, the 
stem and the femoral neck are joined in a single piece. How-
ever, in a modular femoral component, the two components 
are connected by a taper junction [59, 60, 63]. In some cases, 
a dual modular femoral component includes tapper junc-
tions between the stem, the neck, and the femoral head [63]. 
Similar to the acetabular cups, the presence of taper junc-
tions in the modular type allows for greater customization, 
enabling a more patient-specific neck length and orientation. 
However, this type of implant is more susceptible to fretting 
corrosion due to the increased number of components and 
taper junctions [59, 60].

The femoral component can be characterized by its size, 
either conventional or short stem, with the latter being 
smaller than the conventional and having a length of less 
than 120 mm [64]. A short stem aims to closely resemble 
the anatomical pattern of stress distribution and allow for 
reduced bone resection [65]. As the name suggests, this 
component is fixed in the femoral bone within a canal pre-
pared by the surgeon.

The design for the femoral component is chosen based 
on factors such as geometry, shape, length, and location of 
the implant, presence or absence of collar support, stem 
cross-section and offset, surface finishing, the importance 
of a monoblock or modular stem, type and location of pri-
mary fixation, and bone preservation [60]. Despite numerous 
studies on the effect of each option, it remains challenging 
to establish definitive results for each parameter due to the 
multitude of factors that can influence the overall outcome. 
For example, regarding the option of stem collar support, 

some studies argue that this feature significantly affects 
immediate stability compared to collarless stems [66], while 
others suggest that the presence of a collar support does 
not cause major differences in the primary stability of the 
stem [67]. These discrepancies may arise from variations in 
stem design, insertion approaches, and differences in bone 
properties among patients, making it difficult to attribute 
specific outcomes solely to the presence of stem collar sup-
port. Similar considerations apply to all the different design 
options, warranting further investigations that encompass as 
many factors as possible to find optimal solutions.

The materials for each implant component are chosen 
based on their specific requirements, such as the need for 
stiffness, fatigue resistance, roughness, and diameter. The 
most commonly used materials for the femoral stem and 
acetabular cup shell are metals, while the femoral head 
and acetabular cup liner can be made of materials from the 
metal, ceramic, or polymer classes [59].

In terms of hip implant production, the global market 
leaders are Zimmer, DePuy, Johnson & Johnson, and Stryker 
[68–72]. Their main offerings for different hip prosthesis 
components are summarized in Table 1 and Table 2.

Regarding the presented acetabular systems, the major 
difference between them lies in the surface finishing and 
geometry of the acetabular cup. Since this structure will 
be in contact with the bone and achieving bone ingrowth 
is a desired outcome, these systems incorporate features to 
enhance it. Regardless of the manufacturer, all have porous 
surfaces [53, 76, 80], geometrical structures [74], or a com-
bination of both [78] to promote bone and cement fixation. 
These systems are characterized by dual mobility, allowing 
the option of using a liner between the femoral head and 
the cup. To achieve a porous surface, the shells are made of 
porous materials obtained through AM techniques like Laser 
Powder Bed Fusion (LPBF) [53, 79, 80] or porous coating 

Fig. 2   (a) Type of fixation of 
implants, represented in the 
stems. (b) Type of component 
and denomination of the dif-
ferent parts of a hip implant 
(adapted and redrawn from 
references [38, 60])
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[76, 78, 82, 93]. Except for the Anatomic Dual Mobility [82] 
and the Avantage® Dual Mobility [73], screw fixation can 
be used with almost every presented acetabular cup.

When it comes to femoral stems, there are significant dif-
ferences in both surface and design. In terms of stem length, 
the Fitmore® has a short stem [84], while all the others have 

Table 1   Acetabular cup/system main offers from Zimmer, DePuy, Johnson & Johnson, and Stryker

Manufacturer Reference
Main Features

Details Schematic

Zimmer

Avantage® Dual Mobility [73] • Cementless OR Cemented; • Non-constrained system; • Extended head coverage; • Possibility of using 

polymeric bearings with metal or ceramic modular heads

Allofit® [74] • With OR without screw fixation; • Possible to combine with all current tribological bearings and different 

articulation diameters; • Polar region flattened; • Macrostructure with 1,000 teeth – 1mm in height

G7® [53, 75] • With screw fixation; • E1® Antioxidant Infused Technology via Vitamin E; • Preassembled constraining ring; 

• Possible increased ranges of motion; • OsseoTi® Porous Metal technology; • Average pore size of 475μm

DePuy, Johnson 

& Hohnson

PINNACLE® [54, 76] • Cementless with OR without screw fixation; • GRIPTION® and POROCOAT® Porous Coatings; • DUOFIX® 

Porous Coating is also available on select cups; • ALTRX® Polyethylene Liner; • BIOLOX® delta Ceramic 

Heads

BI-MENTUMTM [77, 78] • Cemented or Cementless with OR without screw fixation; • Monoblock dual mobility cup; • Stainless steel cup 

with a plasma-sprayed Ti and HA coating (cementless cup); • Radial and annular grooves (cemented cup)

Stryker

Trident® II [79, 80] Acetabular 

shell

• Cementless; • Fixation with screw holes; • Slim shell wall; • Average pore size is 434μm; 

Modular Dual Mobility® [81] • Cementless; • Offers the option to use cancellous bone screws; • Modular having two points of articulation;

• Possibility of coupling with Trident II

Anatomic Dual Mobility® [82] • Cementless; • Two points of articulation; • Anatomic shell; • Plasma sprayed Ti surface overlayed with HA; 

• Peripheral self-locking.

Table 2   Femoral stem main offers from Zimmer, DePuy, Johnson & Johnson, and Stryker

Manufacturer Reference
Main Features

Details Schematic

Zimmer

AvenirTM [55] • Cementless; • Collarless OR collared; • Reduced distal geometry; • Double-layered coating designed for long-

term stability; • Macro-structure that increases bone contact surface area and eases insertion of the stem;

• Rectangular cross-section with smoothed edges designed for rotational stability

TaperlocTM [83] • Cementless; • Collarless; • Reduced distal geometry; • Circumferential PPS coating; • Distribution of pore size 

between 100 and 1000μm; • Tapered portion that provides a wedge effect and a rotational fixation

Fitmore® [56, 84] • Cementless; • Curved and short length stem design; • Triple taper design with proximal Ti-Plasma coating; 

• Trapezoidal cross-section with Ti-VPS coating proximally and rough-blasted distally

DePuy, Johnson 

& Johnson

CORAIL® [85] • Cementless; • Collared OR collarless; • Tapered neck geometry and ARTICUL/EZE™ Hip Taper designed to 

increase range of motion; • Vertical/horizontal grooves; • HA coating; • Step geometry

SUMMIT® Tapered [86] • Cementless; • Collarless; • POROCOAT® Porous Coating; • DUOFIX® HA Coating; • Radial ZTTTM Steps; 

• Direct Lateralization

C-STEM® AMT [87] • Cemented; • Collarless; • Presence of an end cap; • Polished and tapered design; • Triple taper stem section

Stryker

Exeter® V40® [68, 88] • Cemented; • Presence of an end cap; • Modular stem

Accolade® II [89, 90] • Cementless; • Unique size-specific medial curvature; • Optimized stem length; • The distal geometry increases 

in size less than the proximal geometry; • Optimized length that accommodates muscle-sparing approaches and 

demonstrates improved initial stability

Insignia® [91, 92] • Cementless; • Collared with a size-specific collar; • Direct lateral offset; • Low-profile shoulder; • Slim-distal 

profile
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standard stem lengths that can vary from short to longer 
based on the patient’s needs. Regarding the porous surface, 
it is primarily achieved through porous coating [56, 85] or 
a combination of porous coating and surface blasting [55, 
56, 86]. In this review, it is noted that there are some addi-
tively manufactured stems, such as the Accolade® II and 
the Insignia® TM stems, which are 3D CT-based designs 
created using the SOMA (Stryker Orthopaedics Model-
ling and Analytics) technology. This technology accurately 
designs the implant based on the patient’s bone morphology 
through the acquisition of CT scans [90]. The C-STEM® 
and Exeter® V40® do not have a porous surface since these 
stems are used with cement. The presence of cement elimi-
nates direct bone contact, so there is no need to enhance 
osteointegration.

2 � Current issues and the need 
for innovation

Total hip arthroplasty’s most common complications include 
dislocation, periprosthetic fracture, osteolysis, and aseptic 
loosening [2–7], often needing revision surgery [59, 94] 
and consequent implant replacement [2–8]. These chal-
lenges result from poor osteointegration between the bone 
and implant, leading to functional limitations and reduced 
patient quality of life. However, perioperative complications 

such as infection, nerve damage, and implant loosening can 
also significantly impact patient outcomes. Prosthetic joint 
infection (PJI) is a debilitating complication following THA, 
leading to increased morbidity and healthcare costs [61, 95]. 
The incidence of deep infection following primary THA is 
approximately 1% [59, 61, 95], emphasizing the importance 
of preventative measures during and after surgery. While 
surgical approaches may differ in their risk profiles, nerve 
injury remains a concern, with the sciatic nerve commonly 
affected in posterior THA. Surgeons’ experience plays a 
crucial role in minimizing the risk of complications, under-
scoring the need for continuous training and improvement 
in surgical techniques [95, 96]. Nevertheless, this review 
primarily focuses on implant-related material issues and 
associated solutions, aiming to enhance the overall success 
and longevity of hip arthroplasty. Therefore, the dislocation, 
periprosthetic fracture, osteolysis, and aseptic loosening, 
represented in Fig. 3, will be discussed.

2.1 � Dislocation

Implant stability has been a primary goal since the early days 
of THA. Initially, fixation problems were encountered with 
the use of screws [33] and bone cement composed of copper 
amalgam, plaster of Paris, or stone putty, which were prone 
to infection or loosening [10, 97]. Over time, various mech-
anisms have been developed to improve implant fixation 

Fig. 3   Complications of hip 
implants (images adapted from 
references [99, 104, 260–264])
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to the bone. Currently, cemented, cementless, and hybrid 
approaches are used, but stability remains a challenge.

Dislocation, as shown in Fig. 3, is a common complica-
tion that often occurs within the first two years [2–8]. It 
can be attributed to two factors: patient-related and surgical 
factors [98]. The surgical factors include the type of implant 
and the surgical approach chosen by the surgeon. In the past, 
larger femoral heads were preferred as they provided better 
stability [99]. However, there is now a growing interest in 
dual mobility cups, which offer a greater range of motion 
and potentially enhanced stability [100].

2.2 � Periprosthetic fracture

Periprosthetic fractures, as depicted in Fig. 3, are primarily 
associated with the fixation of the implant, specifically in 
cases of cementless fixation [101, 102]. Moreta et al. [102] 
identified cementless fixation in almost 80% of the cases, 
regardless of patient sex, age, and stem design, as part of 
multiple risk factors that can contribute to this type of frac-
ture [103]. This complication is of utmost importance, as the 
mortality following a periprosthetic fracture has been on the 
rise [102]. Therefore, significant attention has been given to 
identifying and addressing the risk factors associated with 
such fractures.

The increasing need for hip implants in younger indi-
viduals often requires the selection of cementless fixation, 
which can increase the risk of periprosthetic fractures [104]. 
Additionally, patient age plays a significant role, as older 
patients are more likely to have poor bone quality and medi-
cal comorbidities, making them more susceptible to bone 
fractures [102]. While the surgical approach has been identi-
fied as a potential risk factor, Sershon et al. [103] concluded 
that it is the stem design, rather than the surgical approach 
itself, that contributes to the risk.

2.3 � Periprosthetic osteolysis

Periprosthetic osteolysis is a complication that is extensively 
discussed in the literature, although it is not commonly men-
tioned in various reports on hip arthroplasty, as attributing 
implant failure to this specific problem can be challenging. 
However, due to its association with particle wear and asep-
tic loosening, these complications are more prominently 
addressed in annual reports. The incidence of osteolysis 
with conventional bearings has been reported to vary widely, 
ranging from 5 to 60% after 10 years postoperatively [3, 5, 
105], as supported by recent literature.

Periprosthetic osteolysis is characterized by a progressive 
and active biological cascade triggered as a local immune 
response in periprosthetic tissue, leading to bone resorp-
tion [105, 106]. While there are multiple factors associ-
ated with this response, wear particles are considered the 

primary cause [106]. Evidence suggests that wear debris, 
with sizes ranging from 0.1 to 1.0 μm, can be phagocytosed 
by macrophages [107], which then become activated and 
release osteolytic factors, stimulating osteoclasts to resorb 
the surrounding bone [95]. Consequently, the popularity of 
metal-on-metal prostheses increased, given their minimal 
production of debris. However, the debris from these pros-
theses, in the form of nanoscale and nanometric particles, 
cannot effectively stimulate phagocytosis by macrophages, 
resulting in a significant accumulation of these particles in 
the periprosthetic tissue [108]. There is evidence to suggest 
that the inability to expel these metal nanoparticles may be 
associated with the presence of pseudotumors or cellular 
toxicity. The active corrosion process of the metallic surface 
and the release of particles [108] contribute to the generation 
of metal ions, which can be absorbed by cells [59]. Due to 
these concerns, ceramic-on-ceramic bearings are preferred 
over metal or polyethylene alternatives. However, their brit-
tleness and susceptibility to fracture, as well as associated 
issues like groin pain and noise, make this type of implant 
less suitable [109].

2.4 � Implant loosening

Implant loosening, as depicted in Fig. 3, can be preceded 
by osteolysis [61, 107, 110, 111], which is attributed to the 
presence of wear debris. However, the main cause of implant 
loosening is the mismatch in strain between the stiffness of 
the bone and the metallic implant. This occurs when non-
uniform contact pressures between the bone and implant 
result in atypical load transfer, leading to varying degrees of 
bone resorption. During locomotion, the femur experiences 
compression primarily from axial loads [112–114], causing 
tensile strains on its lateral and anterior sides and compres-
sive strains on the medial and posterior surfaces [113–115], 
as shown in Fig. 3. This uneven strain distribution contrib-
utes to localized bone density changes in response to the 
applied stimuli [116–118]. The regions experiencing ten-
sion undergo bone retraction, reducing mechanical stimula-
tion at the bone-implant interface and increasing the risk of 
wear particles entering the interface space, thereby making 
it more susceptible to fracture. This reduction in mechanical 
stimulation results in varying degrees of bone resorption 
along the length of the implant [113, 116–118].

The bone stimulus theory, first proposed by Wolff’s law, 
states that bone undergoes internal architectural changes and 
external conformational alterations in response to changes 
in form and function, following mathematical laws [119]. 
A century later, Harold M. Frost introduced the mecha-
nostat theory, which not only confirmed Wolff’s Law but 
also assigned numerical values to the stimulus responses. 
Frost proposed the concept of a “minimum effective strain” 
(MES), which represents the minimum threshold for a signal 
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to trigger bone architectural adaptation [117, 120]. Accord-
ing to this theory, there are MES values for bone remod-
eling, bone modeling, and bone repair [117], as represented 
in Fig. 4. The range between these thresholds defines differ-
ent areas, and the type of bone adaptation depends on the 
specific region, strain/∆Bone mass, and applied load [117, 
120]. As shown in Fig. 4, when strains are below the remod-
eling MES at trivial loading levels, bone remodeling is acti-
vated, and it is expected a net reduction in bone mass. When 
strains are above the remodeling MES and below the mod-
eling MES, the physiological loading level is maintained, 
preserving bone conditions without significant changes in 
bone mass [117, 118, 120]. If strains exceed the modeling 
MES but remain below the repair MES, an increase in bone 
mass occurs at the overload level. Conversely, if strains sur-
pass the repair MES at the pathological overload level, new 
woven bone is formed on the bone surfaces, which is weaker 
than mature mineralized lamellar bone [120]. Alternatively, 
massive resorption can occur, leading to a higher risk of 
fracture or marginal bone loss [118]. It is important to high-
light that these reactions are mediated by specialized cells, 
such as osteoblasts derived from mesenchymal stem cells 
(MSCs) and osteoclasts, which activate mediators to induce 
bone formation or resorption, respectively [117, 121–124].

In the presence of a metallic implant, a phenomenon 
known as stress shielding occurs due to the mismatch 
in stiffness between the implant and the bone, result-
ing in the implant bearing the body loads that should be 
borne by the bone [59, 94, 125, 126]. This leads to a lack 
of mechanical loading on the surrounding bone tissue, 
particularly at the interfaces between the bone and the 
implant or bone cement [59, 94, 125, 126]. Micromo-
tion, which refers to small movements at the bone-implant 

interface, plays a crucial role in ensuring the primary sta-
bility of the implant [127, 128]. Nevertheless, there are 
minimum and maximum thresholds for micromotion that 
are conducive to osteointegration. It has been documented 
that osteointegration occurs when the micromotion at 
the bone-implant interface is below 40 μm and can be 
tolerated up to 150 μm [129, 130]. If the micromotion 
exceeds this upper threshold, it can lead to the formation 
of fibrous tissues and ultimately promote implant loosen-
ing [128–131]. This excessive micromotion, particularly 
on the bearing surfaces, also contributes to the generation 
of wear debris as a result of friction, leading to particle 
disease [61, 111], known as third-body wear [61, 110].

The reduction of bone marrow is another factor associ-
ated with implant loosening. During the insertion of the 
prosthesis, the surgeon needs to penetrate the bone, invading 
the marrow cavity and interfering with the growth of bone 
marrow. Since the bone marrow is involved in bone cell dif-
ferentiation [132], its reduction leads to a decrease in blood 
flow within the medullary cavity [104], thereby inhibiting 
bone modeling and remodeling processes, ultimately con-
tributing to implant loosening.

2.5 � Occurrence rate and future projections

The importance of medical treatment can be observed 
through the number of procedures performed annually 
within a population [59]. Hip replacement surgery is one of 
the most performed and effective procedures worldwide. In 
2019, countries such as Germany, Switzerland, Austria, Fin-
land, and Belgium had the highest rates of hip replacement 
surgeries, as represented in Fig. 5 [16]. These countries have 
a THA incidence exceeding 280 procedures per 100,000 
inhabitants per year, indicating a global annual THA proce-
dure count of approximately one million. Between 2009 and 
2019, this rate procedure increased by 22% [16]. This trend 
is expected to continue in the coming decades, as shown in 
Fig. 6 and Fig. 7 [16–19], due to the aging population and 
improved medical care in developing countries [16].

Commercially available hip implants have a limited lifes-
pan and often require revision surgery, typically 15–20 years 
after the initial procedure [15]. Considering the statistics of 
THA procedures, the complications discussed earlier, the 
younger age of surgical candidates, and increasing life expec-
tancy, it is predictable that the number of revision surgeries 
will also rise. Studies projecting the number of revision total 
hip arthroplasties in Germany [17] and in the United States 
of America [133] suggest that this procedure number could 
increase by 43 to 70% since 2020, represented in Fig. 8.

Consequently, hip implants are continuously undergoing 
research and development efforts aimed at improving their 
longevity and reducing the likelihood of complications and 
revision surgery. Advances in manufacturing techniques, 

Fig. 4   Graphical illustration of the four mechanical usage zones of 
Frost’s mechanostat theory (image adapted with permission from ref-
erence [265])
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particularly AM, are being explored to create implants with 
lower Young’s modulus and cellular structures. The goal 
is to design implants that closely mimic bone anatomy and 

behavior, thereby extending their lifespan. This approach 
addresses the primary cause of implant failure and ultimately 
leads to an improved quality of life for patients.

Fig. 5   Number of THA proce-
dures performed per 100,000 
habitants in the year 2019 (or 
the nearest year available) [16]

Fig. 6   (a) United States-projected annual THA procedures until 2040; (b) Germany-projected incidence of primary THA until 2060 (images 
redrawn and adapted from references [17, 19])
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2.6 � Preceding attempts: patents with cellular 
structures

The complications previously mentioned have been observed 
since the early attempts of prostheses implantation, and as 
the incidence of THA and revision THA has increased, 
researchers have focused on enhancing bone cell reactions to 
achieve better fixation and more favorable load distribution 
through the implant. From the outset, it has been believed 
that incorporating porous/cellular structures into implants 
would create a similarity to cancellous bone, promoting 
bone ingrowth within the pores. Tables 3 and 4 collect pat-
ents related to hip implants to assess the advancements made 
in integrating porous structures to enhance osteointegration.

Porous layers are typically applied to implants to create 
cellular structures, mainly in the external layers that meet 
the bone. Among the patents collected, the most common 
methods for obtaining these structures are coating processes 
[134–140], AM techniques [141–146], surface texturing 
[147–149], and some processes undefined or imperceptible 
[150–152]. Some patents provide ranges for the porosity per-
centage, which is known to enhance bone ingrowth.

Regarding the porosity of each implant, only three have a 
recommended porosity percentage: 40% [137], 45% [134], 
and 80% [140]. Other implants have a broader range of 
porosity, namely 20% [152], 30% [141], and 60% [142]. The 
porosity level will impact the structural strength, but this 
aspect is only considered in the US Patent No. 2021/0045880 

Fig. 7   United Kingdom-
projected counts for THR until 
2035 (image reproduced with 
permission from reference [18])

Fig. 8   (a) Germany-projected incidence of revision THA until 2060. (b) United States of America projections of revision THA to 2030 (images 
adapted from references [17, 133])
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A1 [146], where this feature is evaluated. E. Jones et al. 
[144] also proposed a porosity range but suggested an inter-
esting characteristic, a gradient porosity. They attributed a 
lower porosity in the equatorial region of the shell compared 
to the polar region, creating a gradient from the inside to the 
outside of the shell, from the implant toward the bone.

Similarly, the inventors also consider different ranges 
of pore sizes. E. Jones et al. [144] and W. H. Harris [147, 
148] recommend large intervals of 50 to 800 μm and 150 to 

1000 μm, respectively, while Y. Li et al. [141] recommend a 
pore diameter range of 50 μm and 250 μm, which is smaller. 
However, these values cannot be directly compared as there 
is no description provided for each dimension, so it is uncer-
tain if they correspond to the same parameter.

Likewise, a range of values is also recommended for layer 
thickness. E. Jones et al. [144] and P-E. Moreau et al. [142] 
mention thicknesses between 1000 and 2000 μm and 300 
and 7000 μm, respectively. S. D. Cook [134] only suggests 

Table 3   Patented structured or modified acetabular cups

Date Patent No.
Features

Refs.
Materials proposed Structure/Modification Schematic

1991 US 5,004,476 CoCrMo Porous coating [134]

1996 EP 0 761 242 A1 Metal such as Ti Porous coating [135]

2003 EP 1 290 992 A1 Ti or Ti alloy OR Alu
Porous outer layer by surface finish 

or coating with HA coating
[136]

2006 EP 1 800 700 A2 Ti OR Ti alloys OR SS OR CoCr alloys OR Ta OR Nb Lattice structure in the outer layer [144]

2007 EP 1 820 475 A1 Ti OR Ti alloys OR SS OR CoCr alloys Fully porous shell [150]

2012 US 8,197,550 B2
SS OR Ti OR Ti alloys OR CoCr alloys OR other suitable metal 

alloys
Fully porous shell [151]

2013 US 8,454,705 B2 Ti OR Ti6Al4V OR Co alloy

Lattice structured outer layer with 

the possibility of lattice structured

internal layer

[143]

2015 US 2015/0012109 A1 Ti OR Ti alloy OR CoCr OR SS-based alloy Lattice structured outer layer by SLS [142]

2016 US 2016/0220376 A1

Nb OR Zr OR Ti OR Ta OR Co OR Mo OR Va OR Cr OR Al OR 

Mg OR combinations thereof OR Metal-based cermet OR 

Ceramic-based cermet OR Ceramic toughened by Zi OR Whisker 

OR Fibre

Fully porous shell [141]

2022 US 2022/0039961 Imperceptible Porous shell with protrusions [145]

Table 4   Patented structured or modified femoral stems

Date Patent No.
Features

Refs.
Materials proposed Structure/Modification Schematic

1967 US 3,314,420 Mixture of Alu, Sl, CaCO and MgCO Porous surface [152]

1983 US 4,406,023
Co-Cr alloy OR TiAlV alloy OR ceramic OR other 

suitable material

Surface texturized OR with a porous 

material
[147]

1985 US 4,514,865
CoCr alloy OR TiAlV alloy OR Ceramic OR other 

suitable material

Surface texturized or with a porous 

material
[148]

1987 US 4,644,942
Ti6Al4V with Copper or Iron OR other suitable 

metal alloys
Porous coating [137]

1991 US 5,004,476 CoCrMo Porous coating [134]

1996 US 5,571,185 -
Porous coating (cover has an open-cell 

structure repeated)
[138]

2004 US 6,746,488 B1 - Porous coating [139]

2007 US 2007/0043446 A1 - Roughened surface [149]

2012 US 8,206,455 B2 Ta Porous surface geometry [140]

2021 US 2021/0095337 A1 Ti OR Ti alloys OR St OR CoCr OR Ta
Porous microstructure (at least by one 

lattice of cells)
[146]
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values above 1000 μm. Additionally, the heights of the pro-
trusions defined in the US Patent No. 2016/0220376 A1 
[141] can be considered, as they represent the full thickness 
of the layer and vary from 50 to 2000 μm.

Among the selected patents, some stand out due to the 
presence of microstructures defined by lattice cells [143, 
146] or meshes with nodes and struts [142]. However, Pres-
saco et al. [143] only mention that the cap is a lattice with 
open and intercommunicating cavities without providing 
specific dimensions or property values. On the other hand, 
P-E. Moreau et al. [142] state that the metallic outer layer 
consists of meshes defined by nodes and tapered struts rear-
ranged with a uniform orientation. Each mesh has a paral-
lelepiped shape with a rectangular base, preferably a cube 
shape. The recommended density is between 30 and 90%, 
and the thickness ranges from 300 to 7000 μm. These practi-
cal terms involve very wide ranges of values that will have 
implications for the mechanical behavior of the implant 
depending on the chosen dimension.

Conversely, Pasini et al. [146] provide a comprehensive 
explanation, beginning with the definition of the external 
surface, formed of porous microstructures, and at least one 
type of lattice cell. Each cell possesses a predetermined 
topology and multiple struts. The authors also selected a 
group of recommended cell topologies, including octet 
truss, tetrahedron, octahedron, body-centered cube (BCC), 
face-centered cube (FCC), rhombicuboctahedron, rhombic 
dodecahedron, or any combination of these and/or modi-
fied versions. Dimensions are mentioned, specifying that the 
struts should have a thickness ranging from 70 to 400 μm, 
with a corresponding pore size between 50 and 800 μm. 
The layer porosity is recommended to be between 30 and 
80%, and the surface roughness falls within the range of 
10 to 500 μm. What distinguishes this patent is the inclu-
sion of experimental tests, which resulted in assigned struc-
tural strengths for specific porosity values. For instance, 
the porous microstructure demonstrated strengths greater 
than 190, 115, 100, and 60 MPa at porosities of 50%, 60%, 
70%, and 75%, respectively. This information underscores 
the significance of this patent, as the results can represent a 

prediction of the mechanical behavior and longevity of the 
implant.

The main difference between the implant structures of 
each patent is the presence of a porous coating or fully 
porous shell, represented in Fig. 9. While the porous coating 
is a thin layer of material that contains interconnected pores 
or voids, usually applied on the surface of the structure, the 
fully porous shell is entirely porous throughout its entirety, 
based on unit cells or randomly distributed pores.

To establish connections between some patents featur-
ing porous/cellular structures, both present and absent in 
Tables 3 and 4, and commercial hip implants, a survey was 
conducted. Although some patent applicants correspond to 
well-known brands such as Stryker [144], Biomet Manufac-
turing Corp. [153], now part of ZIMMER [139, 140, 150, 
151, 154–156], SMITH&NEPHEW [145, 157], and DePuy 
Synthes [158], it was not possible to establish a direct con-
nection between these patents and the currently available 
implants.

3 � Additive manufacturing for hip implant 
fabrication

After the 3rd industrial revolution, mass production was 
achieved using electronics and technological information 
[159]. The most consumed or used products are manufac-
tured using processes such as forming, injection mould-
ing, casting, extrusion, stamping, and machining. Some of 
these processes are extensively used to produce prosthe-
ses or orthopedic implants [160, 161]. Each of these pro-
cesses requires some form of tooling [162] and can result 
in material waste [163, 164]. For example, the machining 
process, especially when producing some complex geom-
etries such as prostheses, can lead to significant waste. For 
this reason, achieving high levels of customization through 
conventional methods requires substantial economic [165, 
166] and energetic costs [163]. The 4th industrial revolu-
tion, also known as Industry 4.0, follows the 3rd indus-
trial revolution and is characterized by the integration of 

Fig. 9   Difference between 
the porous layer and fully 
porous shell of the acetabular 
component (image adapted and 
redrawn from reference [266])
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advanced technologies, such as 3D printing [159, 161], 
into current products and services. This integration aims 
to fulfill the customized requirements of consumers [161].

Additive manufacturing, commonly referred to as 3D 
printing, was initially developed in the 1980s through 
stereolithography technology. This technology involves 
solidifying thin layers of ultraviolet light-sensitive liq-
uid polymer using a laser [160, 167]. The necessity for 
engineering structure optimization has emerged as a req-
uisite for enhancing efficiency. AM enables the produc-
tion of designs featuring topology optimization and cel-
lular structures of unparalleled complexity, surpassing the 
limitations of conventional manufacturing methods. These 
capabilities extend to a wide range of materials such as 
polymers [168–170], ceramics [171, 172], metals [173, 
174], and composites [175, 176]. The process is digi-
tally controlled, utilizing a computer-aided design (CAD) 
model that is customized through software. The model is 
then printed layer by layer using AM equipment [177], 
and for that reason, since 2012, AM has been defined as 
“the process of joining materials to make objects from 3D 
model data, usually layer upon layer, as opposed to sub-
tractive manufacturing methodologies”[178]. Commonly 
used AM methods include vat photopolymerization, mate-
rial jetting, material extrusion, binder jetting, sheet lami-
nation, direct energy deposition, and powder bed fusion 
[162, 179–183].

Additive Manufacturing is known for its precision, flex-
ibility, customization, and versatility, allowing the fabrica-
tion of structures with intricate details, including cellular 
structures, while minimizing material impurities, unlike 
conventional manufacturing (CM) [164, 182, 184]. Cellular 
structures are currently undergoing thorough investigation 
to elucidate their mechanical and physical attributes [169], 
focusing on their integration into advanced applications such 
as biomedical [168, 176], aerospace [173], and automobile 
[185]. These structures have garnered substantial research 
attention due to their exceptional mechanical properties.

The appearance of AM technology has brought forth 
significant advancements and potential benefits for various 
industries. While it promises environmental advantages, 
including reduced energy consumption and efficient material 
usage throughout the supply chain [186], its implementation 
is not without challenges. Despite the technology’s potential, 
there are drawbacks such as high costs, limited availabil-
ity of necessary equipment outside academic institutions, 
and lengthy regulatory approval processes [186–188]. 
Furthermore, the current lack of long-term clinical data 
for 3D-printed implantable devices presents a challenge in 
evaluating their effectiveness and cost efficiency compared 
to traditional methods [187]. Nevertheless, it is crucial 
to highlight that the distinctive characteristics of cellular 
structures and implants require the utilization of AM tech-
niques, currently the most viable means for their production. 
Besides, the continuous advancements and decreasing costs 
associated with 3D printing emphasize its growing influ-
ence and potential for substantial social and environmental 
transformation in diverse sectors.

3.1 � AM potential for orthopedic

Powder bed fusion (PBF) is a preferred technique for pro-
ducing biomedical applications, particularly prostheses or 
implants [166, 180, 189]. This technique involves importing 
CAD models into PBF software, which then slices the model 
into multiple layers [189]. Subsequently, successive layers 
of metal powder are deposited, corresponding to each slice 
of the model. Between the deposition of two consecutive 
powder layers, incising high energy, using the parameters 
previously defined, is sequentially applied, melting the layer 
selectively [161, 189]. PBF is divided into two techniques 
based on the energy source used: Electron Beam Melting 
(EBM), which utilizes an electron beam, and Laser Powder 
Bed Fusion (LPBF), which employs a high-power laser. Fig-
ure 10 illustrates both techniques. Additionally, these two 
techniques differ in terms of the printing environment, with 

Fig. 10   Schematic representa-
tion of the PBF processes: 
(a) LPBF and (b) EBM (image 
adapted and redrawn from refer-
ence [162])
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EBM being implemented in an inert gas chamber with a 
vacuum and LPBF in an argon or nitrogen environment [162, 
180, 183, 190, 191].

Several parameters, such as the material used, equipment, 
and fabrication aspects, impact the final product quality 
[192, 193]. Key processing parameters that affect the quality 
of the fabricated product include layer thickness, laser/elec-
tron beam power, scanning speed and hatching space, scan-
ning strategy, spot size, and platform pre-heating tempera-
ture [191]. While it is possible to adapt these parameters to 
attain the desired outcome, the complete resolution of both 
techniques remains a challenge. In the case of LPBF, major 
limitations include the time-consuming process, difficulty 
in scaling up for larger sizes, surface roughness, and high 
residual stress in the product, which is more pronounced 
compared to structures produced by EBM [191, 194]. Due to 
these limitations, the obtained products, especially in micro-
metric scales, may exhibit differences in porosity between 
the designed and measured values [22, 195–198]. Further-
more, within LPBF structures, the presence of supports is 
usually necessary to ensure efficient printing. Nonetheless, 
the production of these support structures, alongside the 
intended part, entails the consumption of valuable resources, 
specifically powder material and energy. Consequently, the 
production of support structures exerts a detrimental influ-
ence on both build time and cost [199].

Dense Ti6Al4V is still widely used as material for hip 
implants, resulting in an excessively high Young’s modu-
lus (YM) of approximately 110 GPa. When comparing 
this value with Young’s modulus of cortical human bone, 
which ranges from approximately 10 to 30 GPa [182, 200], 
it becomes evident that current solutions are inadequate 
and lack development in achieving a closer mimicry of 
the mechanical behavior of human bone. Efforts to reduce 
the YM of implants are aimed at approaching the values 
of cortical human bone while preserving vital properties 
such as biocompatibility, biofunctionality, yield strength 
(YS), corrosion and wear resistance, and fatigue strength 
[190]. For this reason, a potential strategy involves creat-
ing metallic cellular structures with controlled porosity and 
shape using AM, thereby reducing the YM while maintain-
ing implant strength [201, 202]. However, even though AM 
is the preferred method for producing cellular structures, 

careful consideration must be given to all its parameters. 
For instance, the presence of residual stresses can lead to 
distortion, cracking, and delamination, potentially causing 
destructive effects on these structures. Therefore, optimiza-
tion of process parameters is crucial to enhance the perfor-
mance of the produced structures [191] and to assure that the 
sub-millimetric structures do not deviate significantly from 
the design of the CAD model [21, 22].

3.2 � Cellular structures targeting orthopedic 
implants

Metallic biomaterials such as stainless steel, CoCr alloys, 
and Ti6Al4V have been extensively used as orthopedic bio-
materials due to their exceptional mechanical and biological 
performance [22]. Among these materials, Ti6Al4V alloy is 
particularly emphasized due to its high strength-to-weight 
ratio, good biocompatibility, superior corrosion resistance, 
and lower Young’s modulus compared to the aforementioned 
alloys [21]. Young’s modulus is a critical parameter related 
to the mechanical performance of metallic implants [22]. In 
the case of the Ti6Al4V alloy, it tends to be approximately 
110 GPa, significantly higher than the YM of human cortical 
and trabecular bone, which ranges from approximately 10 to 
30 GPa and 0.8 to 5 GPa, respectively [21–24].

To bridge these differences, studies have been conducted 
on the development of cellular structures with customized 
properties that can exhibit mechanical behavior closer to 
that of bone.

Three-dimensional cellular structures are typically char-
acterized by having high porosity. Typically, their main clas-
sification is based on the arrangement of their unit cells, 
such as stochastic (random) and non-stochastic (periodic) 
structures. Moreover, these structures can be subdivided 
into closed-cell and open-cell configurations based on pore 
interconnectivity [203, 204]. In other words, open-cell struc-
tures feature interconnected pores forming a porous network, 
while closed-cell structures contain isolated pores separated 
by plates; see Fig. 11. Stochastic cell structures, such as 
metallic and non-metallic foams, resemble the structure of 
sponges. Conversely, non-stochastic structures, referred to as 
periodic or lattice structures, involve the repeated arrange-
ment of unit cells in a specific shape [204]. Both types 

Fig. 11   Cellular structures char-
acterization (image reproduced 
with permission from reference 
[204])
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demonstrate notably lower weight than solid materials of 
equivalent volume.

An extensive range of cellular structures is addressed 
with unit cells including auxetic, body-centered, circle inter-
section, cubic, cuboctahedron truncated, diamond, dodeca-
hedron, edge-centered, cube, face-centered, helix, honey-
comb, Kelvin, octet, octahedron, rhombic dodecahedron, 
spider-web, tetrahedron, trabecular, triple periodic minimal 
surface gyroid, and triply arranged octagonal rings. These 
structures exhibit diverse characteristics, from negative Pois-
son’s ratios to intricate geometries. Table 5 displays these 
features alongside the corresponding produced scaffolds. 
For example, the utilization of auxetic structures is justified 
by their ability to exhibit a negative Poisson’s ratio under 
compressive and tensile loading conditions. This property 
results in higher shear modulus, indentation resistance, and 
fracture roughness, which are highly relevant characteris-
tics for implant production [205–207]. However, none of 
the studies selected justified the chosen unit cell possessing 
different ones among each other, except for Bari et al. [208] 
and Liang et al. [209], who justified their use by mimicking 
the morphological shape of bone with bone-like structures.

Cellular structures possess the capacity to minimize 
weight, enhance relative strength, and improve stiffness 
through optimal material utilization [210]. These critical 
attributes play a vital role in the development of materi-
als and structures intended for orthopedic applications. 
Consequently, several researchers primarily concentrated 
on assessing the impact of pore size and porosity on the 
mechanical and/or biological performance of scaffolds. The 
influence of using different unit cells was evaluated by a 
limited number of authors [197, 211–221]. The subsequent 
sections in this review discuss the mechanical behaviors 
of these scaffolds when composed of titanium or titanium-
based alloys. To the authors’ best knowledge, hip implants 
comprising lattice sections are commonly manufactured 
using titanium alloys, and it is known that implants made 
of pure titanium, titanium-based alloys, stainless steel, and 
cobalt-based alloys have demonstrated chemical and bio-
logical compatibility [164, 221–223]. Therefore, cellular 
structures and scaffolds composed of these materials were 
selected to evaluate the biological influence of lattice type 
and porosity.

3.2.1 � Mechanical behavior

To assess the mechanical performance of cellular structures 
produced by LPBF or EBM, various tests were conducted, 
including compressive [22, 195–198, 205–209, 211, 214, 
215, 217, 219, 232, 233], fatigue [195, 198, 233], and tensile 
[197] behavior evaluations.

Among the commonly assessed results in these stud-
ies, particular focus was given to Young’s modulus and 

compressive/yield strength. In cases where fatigue behavior 
was evaluated, the studies focused on fatigue strength and 
the number of cycles until failure.

As previously mentioned, the primary goal of these scaf-
folds is to mimic the bone behavior as closely as possible. 
Some studies aim to replicate the behavior of cortical bone 
[22, 195–198, 205–208, 211, 214, 215, 217, 219, 232, 233], 
while others focus on trabecular bone [209, 221]. For that 
reason, the initial assessment typically involves determin-
ing Young’s modulus, as it represents the key distinguishing 
property between hip implants and bone, with significant 
implications for implant longevity. However, there is no 
consensus among the selected studies regarding Young’s 
modulus of cortical bone, with reported values ranging from 
3 to 20 GPa [201], 3 to 30 GPa [208], 5 to 23 GPa [209], 
or 10 to 30 GPa [22, 196]. Similarly, the reported Young’s 
modulus of trabecular bone varies, with some authors sug-
gesting a range of 0.02 to 0.5 GPa [208], approximately 0.4 
GPa [201], or 2 GPa [196]. Consequently, when analyzing 
the mechanical results of cellular structures in this chapter, 
the ideal range for cortical and trabecular Young’s modulus 
is from the lower value to the higher value, namely 2 to 30 
GPa and 0.02 to 2 GPa, respectively.

The focus is tailoring the type and dimensions of unit 
cells to achieve a lower Young’s modulus, where all the 
studies achieved positive results. The evaluated scaffold's 
mechanical behavior involved various unit cell types, rang-
ing from auxetic [219] to truncated cuboctahedron [211] 
(Table 6), and their dimensions were tailored based on the 
scaffold’s pore size, porosity, and strut size (wall thickness), 
which are interdependent. The customization of these scaf-
fold individual characteristics expresses their influence on 
the mechanical behavior. However, it is essential to evaluate 
their combined influence simultaneously.

Young’s modulus  Some studies have demonstrated that 
increasing porosity leads to a decrease in Young’s modu-
lus in structures with the same unit cell, which aligns with 
expectations. Almost every unit cell within the same study 
experienced this trend. Eldesousky et al. [219], Onal et al. 
[201], and Wally et al. [217] were the only exceptions. Elde-
sousky et al. [219] report a discrepancy in the behavior of 
auxetic cubic samples, specifically noting that a structure 
with approximately 84% porosity displays a higher Young’s 
modulus compared to another sample with a nearly identical 
porosity level of approximately 83%. Although the authors 
do not offer an explicit explanation for this observation, it 
can be proposed that the slight difference between poros-
ity and Young’s modulus is of such minimal significance 
that it can likely be attributed to minor imperfections in the 
samples. The body-centered cubic cell behavior observed 
by Onal et al. [201] can be understood through the existence 
of a gradient structure, which does not uniformly bestow 
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Table 5   Cellular structures produced by LPBF or EBM and their unit cells (not provided as N.p.)

Cell Unit Design/CAD Figures Structures produced Refs.

Auxetic
[206, 207, 

219, 224]

Body-Centred
[197, 201, 

221]

Circle intersection N.p. [24]

Cubic N.p.

N.p. N.p. N.p.

N.p. N.p.

N.p.

[24, 164, 195,

196, 208, 211, 

213, 215, 221,

225-231]

Cuboctahedron 

Truncated
[211]

Diamond 

N.p.

[197, 211,

215, 217, 218]

Dodecahedron
N.p.

[232]

Edge-centred

cube
[227]

Face-centred

N.p.

[220, 222,

223, 227]

Helix N.p. [24]

Honeycomb [218]

Kelvin N.p. [212]

Octet [227]

Octahedron N.p. [214, 216]

Rhombic 

dodecahedron
N.p. [220]

Spider-web [217]

Tetrahedron N.p. [214, 216]

Trabecular [209, 221]

Triple periodic

minimal surface 

gyroid

[213]

Triply Arranged

Octagonal Rings
N.p. [212]

Others N.p. N.p.
[229, 233, 

234]
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Table 6   Cellular structures with different unit cell types produced by different AM technologies and their mechanical properties (obtained from 
compressive tests)

Unit cell A.M Samples’ differences 
(same study)

Material Porosity (%) Y.M. (GPa) Y. S. (MPa) U.C.S. (MPa) Refs

Auxetic cubic EBM Porosity and pore size 
(1500 µm)

Ti6Al4V 87.00a 0.20b - - [219]

Auxetic cubic EBM Porosity and pore size 
(1500 µm)

Ti6Al4V 84.00a 0.35b - - [219]

Auxetic cubic EBM Porosity and pore size 
(1250 µm)

Ti6Al4V 83.00a 0.25b - - [219]

Auxetic cubic EBM Porosity and pore size 
(3800 µm)

Ti6Al4V 64.00a 4.90b - - [219]

Auxetic cubic EBM Porosity and pore size 
(800 µm)

Ti6Al4V 58.00a 9.20b - - [219]

Auxetic re-entrant EBM Porosity Ti6Al4V 87.00a 0.05b - - [219]
Auxetic re-entrant EBM Porosity Ti6Al4V 82.00a 0.25b - - [219]
Auxetic re-entrant EBM Porosity Ti6Al4V 66.00a 1.00b - - [219]
Auxetic re-entrant EBM Porosity Ti6Al4V 63.00a 1.55b - - [219]
Auxetic re-entrant EBM Porosity Ti6Al4V 57.00a 2.40b - - [219]
Body-centered cubic LPBF Unit cell and porosity Ti6Al4V 90.16a 0.10 - 195.70 [197]
Body-centered cubic LPBF Porosity and strut size 

(400 µm)
Ti6Al4V 71.45 ± 0.02 1.60 ± 0.20 53.00 ± 4.00 74.00 ± 2.00 [201]

Body-centered cubic LPBF Porosity and strut size 
(600 µm)

Ti6Al4V 51.11 ± 0.01 4.60 ± 0.40 192.00 ± 14.00 256.00 ± 4.00 [201]

Body-centered cubic LPBF Strut size (400 µm) 
(gradient structure, 
dense-out)

Ti6Al4V 50.01 ± 0.01 3.50 ± 0.50 86.00 ± 11.00 128.00 ± 8.00 [201]

Body-centered cubic LPBF Strut size (610 µm) 
(gradient structure, 
dense-out)

Ti6Al4V 50.01 ± 0.01 3.50 ± 0.50 86.00 ± 11.00 128.00 ± 8.00 [201]

Body-centered cubic LPBF Strut size (820 µm) 
(gradient structure, 
dense-out)

Ti6Al4V 50.01 ± 0.01 3.50 ± 0.50 86.00 ± 11.00 128.00 ± 8.00 [201]

Body-centered cubic LPBF Strut size (400 µm) 
(gradient structure, 
dense-in)

Ti6Al4V 49.38 ± 0.01 3.90 ± 0.80 114.00 ± 8.00 150.00 ± 17.00 [201]

Body-centered cubic LPBF Strut size (610 µm) 
(gradient structure, 
dense-in)

Ti6Al4V 49.38 ± 0.01 3.90 ± 0.80 114.00 ± 8.00 150.00 ± 17.00 [201]

Body-centered cubic LPBF Strut size (820 µm) 
(gradient structure, 
dense-in)

Ti6Al4V 49.38 ± 0.01 3.90 ± 0.80 114.00 ± 8.00 150.00 ± 17.00 [201]

Body-centered cubic LPBF Porosity and strut size 
(800 µm)

Ti6Al4V 31.86 ± 0.01 9.00 ± 0.60 392.00 ± 14.00 532.00 ± 11.00 [201]

Bone-like LPBF Unit cell and porosity Ti6Al4V ELI 74.00a 5.09 169.00 - [208]
Bone-like LPBF Unit cell and porosity Ti6Al4V ELI 61.00a 5.42 280.00 - [208]
Bone-like LPBF Unit cell and porosity Ti6Al4V ELI 55.00a 6.07 343.00 - [208]
Cubic LPBF Porosity and pore size 

(700 µm)
Commercial Ti 90 1.00 ± 0.10 10.90 ± 0.30 - [231]

Cubic LPBF Unit cell Ti6Al4V 87.00 - 29.90 ± 0.90 30.20 ± 0.90 [211]
Cubic LPBF Unit cell Ti6Al4V 76.00 - 63.30 ± 2.20 76.60 ± 2.30 [211]
Cubic LPBF Pore size (1000 µm) and 

strut thickness (500 
µm)

Ti6Al4V 73.00 0.71 - 58.00 [226]

Cubic LPBF Unit cell Ti6Al4V 72.00 - 65.60 ± 12.30 110.50 ± 17.40 [211]
Cubic LPBF Pore size (400 µm) Commercial Ti 70 2.80 ± 0.20 31.00 ± 1.00 - [231]
Cubic LPBF Pore size (900 µm) Commercial Ti 70 3.50 ± 0.80 47.40 ± 1.30 - [231]
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Table 6   (continued)

Unit cell A.M Samples’ differences 
(same study)

Material Porosity (%) Y.M. (GPa) Y. S. (MPa) U.C.S. (MPa) Refs

Cubic LPBF Porosity and pore size 
(700 µm)

Commercial Ti 70 3.90 ± 0.10 45.10 ± 2.40 - [231]

Cubic LPBF Unit cell Ti6Al4V 65.00 ± 1.10 2.60 ± 0.10 96.00 ± 5.00 - [215]
Cubic LPBF Unit cell Ti6Al4V 63.00 - 112.60 ± 7.20 184.80 ± 3.60 [211]
Cubic LPBF Pore size (800 µm) and 

strut thickness (600 
µm)

Ti6Al4V 61.00 0.83 - 84.00 [226]

Cubic LPBF Pore size (712.00 ± 7.00 
µm)

Ti6Al4V 60.50 ± 0.20 4.30 ± 0.60 227.00 ± 4.60 - [213]

Cubic LPBF Pore size (616.00 ± 5.00 
µm)

Ti6Al4V 51.40 ± 0.30 8.30 ± 0.80 348.70 ± 7.50 - [213]

Cubic LPBF Pore size (600 µm) and 
strut thickness (700 
µm)

Ti6Al4V 45.00 1.12 ± 0.20 - 119.00 [226]

Cubic LPBF Pore size (495.00 ± 6.00 
µm)

Ti6Al4V 41.80 ± 0.40 12.80 ± 0.60 464.70 ± 11.30 - [213]

Cubic LPBF Porosity and pore size 
(700 µm)

Commercial Ti 40 12.90 ± 1.10 184.80 ± 0.90 - [231]

Cubic-like LPBF Pore size and distance 
between pores

Ti6Al4V 73.30 ± 0.72 19.00b - - [196]

Cubic-like LPBF Unit cell Ti6Al4V 64.80 ± 1.20 1.80 ± 0.50 49.00 ± 2.00 - [215]
Cubic-like LPBF Pore size and distance 

between pores
Ti6Al4V 62.00 ± 0.55 28.00b - - [196]

Cubic-like LPBF Pore size and distance 
between pores

Ti6Al4V 37.90 ± 0.44 50.00b - - [196]

Cubic-like LPBF Pore size and distance 
between pores

Ti6Al4V 32.40 ± 0.01 65.00b - - [196]

Cubic-like LPBF Pore size and distance 
between pores

Ti6Al4V 25.4 ± 0.24 77.00b - - [196]

Cubic-like LPBF Pore size and distance 
between pores

Ti6Al4V 19.90 ± 0.14 95.00b - - [196]

Diamond LPBF Unit cell and porosity Ti6Al4V 90.27a 0.14 - 330.40 [197]
Diamond LPBF Unit cell Ti6Al4V ELI 89.00 - 6.80 ± 2.30 15.10 ± 0.30 [211]
Diamond LPBF Unit cell and strut thick-

ness (314.00 ± 21.00 
µm)

Ti6Al4V 82.90 ± 0.70 0.70 ± 0.20 16.00 ± 4.00 - [217]

Diamond LPBF Unit cell and strut thick-
ness (333.00 ± 22.00 
µm)

Ti6Al4V 80.90 ± 0.60 2.00 ± 0.30 55.00 ± 4.00 - [217]

Diamond LPBF Unit cell Ti6Al4V ELI 79.00 - 28.90 ± 6.20 46.52 ± 2.50 [211]
Diamond LPBF Unit cell and strut thick-

ness (302.00 ± 19.00 
µm /433.00 ± 20.00 
µm)

Ti6Al4V 78.50 ± 0.40 1.70 ± 0.20 48.00 ± 1.00 - [217]

Diamond LPBF Unit cell Ti6Al4V ELI 72.00 - 31.70 ± 13.00 57.00 ± 12.80 [211]
Diamond LPBF Struts side length 

through the layers: 
inner (200 µm), mid-
dle (300 µm), and 
outer (400 µm)

Ti6Al4V 66.82 4.72 ± 0.03 126.81 ± 3.88 170.53 ± 2.36 [218]

Diamond LPBF Unit cell Ti6Al4V 64.80 ± 1.20 2.10 ± 0.80 106.00 ± 6.00 - [215]
Diamond LPBF Unit cell Ti6Al4V ELI 64.00 - 70.60 ± 7.00 113.00 ± 17.30 [211]
Diamond LPBF Unit cell and strut thick-

ness (421.00 ± 28.00 µm)
Ti6Al4V 56.90 ± 1.00 3.30 ± 0.60 147.00 ± 10.00 - [217]
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Table 6   (continued)

Unit cell A.M Samples’ differences 
(same study)

Material Porosity (%) Y.M. (GPa) Y. S. (MPa) U.C.S. (MPa) Refs

Diamond LPBF Unit cell and strut thick-
ness (414.00 ± 23.00 
µm/315.00 ± 27.00 µm)

Ti6Al4V 56.70 ± 0.80 3.40 ± 0.40 147.00 ± 31.00 - [217]

Diamond LPBF Unit cell and strut thick-
ness (412.00 ± 22.00 
µm)

Ti6Al4V 51.50 ± 0.40 4.10 ± 0.30 178.00 ± 10.00 - [217]

Diamond LPBF Struts sizes trough the 
layers: inner (200 
µm), middle (300 
µm), and outer (400 
µm), and presence of 
supports

Ti6Al4V 51.37 10.07 ± 0.09 350.09 ± 3.27 419.81 ± 11.64 [218]

Diamond LPBF Unit cell and strut thick-
ness (422.00 ± 11.00 
µm)

Ti6Al4V 48.60 ± 1.10 4.80 ± 0.60 204.00 ± 33.00 - [217]

Dodecahedron LPBF Strut (120 µm) and pore 
size (500 µm)

Ti6Al4V ELI 84.22 0.55 ± 0.07 15.80 ± 1.20 19.40 ± 0.30 [232]

Dodecahedron LPBF Strut (170 µm) and pore 
size (500 µm)

Ti6Al4V ELI 77.68 1.40 ± 0.03 34.80 ± 3.40 42.80 ± 3.50 [232]

Dodecahedron LPBF Strut (170 µm) and pore 
size (450 µm)

Ti6Al4V ELI 71.20 2.62 ± 0.02 67.80 ± 3.00 78.70 ± 2.20 [232]

Dodecahedron LPBF Strut (230 µm) and pore 
size (500 µm)

Ti6Al4V ELI 68.45 3.49 ± 0.02 91.80 ± 2.70 117.20 ± 1.10 [232]

Honeycomb LPBF Struts sizes trough the 
layers: inner (200 
µm), middle (300 µm), 
and outer (400 µm)

Ti6Al4V 67.05 3.79 ± 0.07 110.85 ± 4.07 162.96 ± 6.29 [218]

Honeycomb LPBF Struts sizes trough the 
layers: inner (200 
µm), middle (300 
µm), and outer (400 
µm), and presence of 
supports

Ti6Al4V 52.67 10.99 ± 0.57 423.82 ± 8.83 536.90 ± 8.66 [218]

Kelvin EBM Unit cell width (4200 
µm) and porosity

Ti6Al4V ELI 95.00 0.05 2.00 1.00 [212]

Kelvin EBM Unit cell width (2800 
µm) and porosity

Ti6Al4V ELI 90.00 0.33 12.30 6.30 [212]

Kelvin EBM Unit cell width (1900 
µm) and porosity

Ti6Al4V ELI 80.00 3.90 46.40 37.30 [212]

Octahedron LPBF Unit cell and pore size 
(1000 µm)

Ti6Al4V 77.01 2.57 ± 0.21 81.16 ± 3.31 - [216]

Octahedron LPBF Unit cell and pore size 
(500 µm)

Ti6Al4V 62.87 5.51 ± 0.24 228.42 ± 1.17 - [216]

Octet LPBF Pore size (280.00 ± 6.00 
µm)

Ti6Al4V 60.70 ± 0.10 6.40 ± 0.20 366.30 ± 7.40 - [213]

Octet LPBF Pore size (226.00 ± 3.00 
µm)

Ti6Al4V 51.40 ± 0.20 10.40 ± 0.30 494.00 ± 9.50 - [213]

Octet LPBF Pore size (196.00 ± 4.00 
µm)

Ti6Al4V 41.20 ± 0.40 16.50 ± 0.50 635.70 ± 16.50 - [213]

Octet truss LPBF Unit cell and porosity Ti6Al4V 75.00c 1.20 ± 0.40 34.00 ± 11.00 39.00 ± 3.00 [214]
Octet truss LPBF Unit cell and porosity Ti6Al4V 70.00c 1.40 ± 0.20 31.00 ± 2.00 31.00 ± 2.00 [214]
Octet truss LPBF Unit cell and porosity Ti6Al4V 60.00c 3.40 ± 0.30 119.00 ± 22.00 145.00 ± 34.00 [214]
Octet truss LPBF Unit cell and porosity Ti6Al4V 50.00c 4.60 ± 0.20 172.00 ± 8.00 228.00 ± 10.00 [214]
Spider-web LPBF Unit cell, pore size, and 

strut thickness
Ti6Al4V 68.60 ± 1.50 6.00 ± 0.40 224.00 ± 7.00 - [217]
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resistance throughout its entirety. The structure with nearly 
51% porosity has a uniform porosity distribution, while 
the approximately 50% porosity structure exhibits a gradi-
ent porosity distribution, denser on the edges and gradu-
ally increasing inwards, as depicted in Fig. 12a. Notably, 

the latter structures, despite possessing an overall reduced 
porosity, exhibit regions characterized by diminutive struts 
and elevated porosity, thereby imparting a susceptibility to 
structural weakening. Similarly, Wally et al. [217] reported 
a higher Young’s modulus within a diamond cell featuring 

Table 6   (continued)

Unit cell A.M Samples’ differences 
(same study)

Material Porosity (%) Y.M. (GPa) Y. S. (MPa) U.C.S. (MPa) Refs

Tetrahedron LPBF Unit cell and pore size 
(1000 µm)

Ti6Al4V 84.03 1.31 ± 0.04 31.78 ± 3.68 - [216]

Tetrahedron LPBF Unit cell and porosity Ti6Al4V 75.00c 1.90 ± 0.10 68.00 ± 3.00 68.00 ± 3.00 [214]
Tetrahedron LPBF Unit cell and porosity Ti6Al4V 70.00c 2.90 ± 0.10 120.00 ± 4.00 120.00 ± 4.00 [214]
Tetrahedron LPBF Unit cell and pore size 

(500 µm)
Ti6Al4V 67.00 4.66 ± 0.04 135.58 ± 1.43 - [216]

Tetrahedron LPBF Unit cell Ti6Al4V 65.30 ± 1.10 4.40 ± 0.30 107.00 ± 3.00 - [215]
Tetrahedron LPBF Unit cell and porosity Ti6Al4V 60.00c 3.10 ± 0.40 136.00 ± 23.00 136.00 ± 23.00 [214]
Tetrahedron LPBF Unit cell and porosity Ti6Al4V 50.00c 4.30 ± 0.10 219.00 ± 8.00 219.00 ± 8.00 [214]
Trabecular-like LPBF Pore size and irregular-

ity (0.50)
Ti6Al4V ELI 74.28 1.93 44.90 - [209]

Trabecular-like LPBF Pore size and irregular-
ity (0.50)

Ti6Al4V ELI 63.95 3.22 123.00 - [209]

Trabecular-like LPBF Pore size and irregular-
ity (0.50)

Ti6Al4V ELI 63.51 3.50b 125.00b - [209]

Trabecular-like LPBF Pore size and irregular-
ity (0.25)

Ti6Al4V ELI 62.65 3.57 105.80 - [209]

Trabecular-like LPBF Pore size and irregular-
ity (0.06)

Ti6Al4V ELI 61.49 3.92 158.00 - [209]

Trabecular-like LPBF Pore size and irregular-
ity (0.50)

Ti6Al4V ELI 48.83 5.24 237.50 - [209]

Triple periodic minimal 
surface (TPMS) 
gyroid

LPBF Pore size (572.00 ± 7.00 
µm)

Ti6Al4V 61.20 ± 0.30 8.80 ± 0.60 476.30 ± 7.40 - [213]

Triple periodic minimal 
surface gyroid

LPBF Pore size (339.00 ± 4.00 
µm)

Ti6Al4V 51.40 ± 0.30 15.30 ± 1.00 608.00 ± 9.50 - [213]

Triple periodic minimal 
surface gyroid

LPBF Pore size (172.00 ± 5.00 
µm)

Ti6Al4V 42.20 ± 0.20 21.70 ± 0.50 762.70 ± 9.70 - [213]

Triply arranged octago-
nal rings

EBM Unit cell width (4200 
µm) and porosity

Ti6Al4V ELI 95.00 0.11 4.50 2.80 [212]

Triply arranged octago-
nal rings

EBM Unit cell width (2800 
µm) and porosity

Ti6Al4V ELI 90.00 0.74 30.20 22.00 [212]

Triply arranged octago-
nal rings

EBM Unit cell width (1900 
µm) and porosity

Ti6Al4V ELI 80.00 10.56 131.10 114.80 [212]

Truncated cuboctahe-
dron

LPBF Unit cell Ti6Al4V ELI 83.00 - 41.40 ± 2.00 55.50 ± 1.70 [211]

Truncated cuboctahe-
dron

LPBF Unit cell Ti6Al4V ELI 80.00 - 49.90 ± 18.90 62.20 ± 10.40 [211]

Truncated cuboctahe-
dron

LPBF Unit cell Ti6Al4V ELI 73.00 - 66.10 ± 4.00 94.80 ± 6.90 [211]

Truncated cuboctahe-
dron

LPBF Unit cell Ti6Al4V ELI 64.00 - 110.10 ± 10.40 147.20 ± 3.70 [211]

a Value obtained through relative density
b Value identified through the graph presented
c Design value
A.M., additive manufacture; Y.M., Young’s modulus; C.S., compressive strength; U.C.S., ultimate compressive strength
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a higher porosity level, nearly 80%, as compared to a sam-
ple with approximately 78% porosity. This outcome can 
be attributed to the gradient structure inherent in the latter 
sample, represented in Fig. 12a, analogous to the observa-
tions made by Onal et al. [201], wherein certain regions 
are marked by diminutive struts and heightened porosity, 
consequently rendering the structure more susceptible to 
structural vulnerability. Despite this distinction, the authors 
of the study disregard this variation and assert that Young’s 
modulus of both regular and graded scaffolds remains analo-
gous among samples sharing the same design.

Concerning the identical unit cell discussed across 
various studies, a greater degree of disparity in outcomes 
becomes evident. Specifically, when comparing the cubic 
unit cell with 73% porosity, as presented by Dhiman et al. 
[226], with the cubic 90% porosity unit cell in Zhang et al. 
[231], a notable variance in Young’s modulus is observed. 
Notably, despite the lower porosity in the former, one sali-
ent parameter deserving attention could be the considerably 
larger pore size. This variation in pore size may substantially 
influence structural resistance and contribute to the observed 
discrepancy. A parallel pattern is discerned in the remain-
ing specimens documented by Dhiman et al. [226]. Each of 
these exhibits a marked decrease in Young’s modulus when 
contrasted with those possessing approximately similar 
porosity levels. The cubic unit cell described by Deng et al. 
[215] exhibits a significantly diminished Young’s modulus 
compared to the samples studied by Bartolomeu et al. [196]. 
This contrast can be assigned to discrepancies in the struc-
tural parameters, such as variations in strut and pore dimen-
sions, powder characteristics, and inter-pore spacing.

The diamond unit cell stands as one of the extensively 
explored cellular structures. Nevertheless, it is noteworthy 
that among the studies conducted, only Xiong et al. [218] 
reported notably elevated values of Young’s modulus com-
pared to the collective findings. This deviation may be attrib-
uted to the functional grading of the samples, resulting in 
denser layers within the structure that confer enhanced struc-
tural resistance. Notably, the sample with approximately 

51% porosity displays an augmented Young’s modulus due 
to the presence of structural supports that confer substan-
tially increased strength to the unit cell.

For the tetrahedron unit cell, both samples from Deng 
et al. [215] and Zhao et al. [216] with approximately 65% 
and 67%, respectively, exhibited a higher Young’s modulus 
compared to the sample with 60% and 50% porosity from 
Arabnejad et al. [214]. Additionally, it must be highlighted 
that Deng et al. [215] approximately 65% of porosity sam-
ples have a lower Young modulus compared to Zhao et al. 
[216]. Both discrepancies are likely due to differences in 
strut and pore sizes.

Yield and ultimate compressive strength  The general 
trend, just like the case of Young’s modulus, is an increase 
in the yield strength and ultimate compressive strength as 
porosity decreases. In general, nearly every unit cell exam-
ined within the same study exhibited an enhancement in YS 
and UCS as porosity decreased. This effect can be justified 
by the high porosity, which is often associated with thin 
walls, requiring less force to collapse. Similar to Young’s 
modulus, some studies challenge this statement. Onal et al. 
[201] body-centered cubic cells with approximately 51% 
porosity exhibited yield strength and ultimate compres-
sive strength significantly higher than that of their sam-
ples with approximately 50%. This variation was detected 
during the evaluation of Young’s modulus, supporting the 
hypothesis that structures with gradient designs, although 
displaying an overall reduced porosity, may contain regions 
with smaller struts and higher porosity. Consequently, this 
structural configuration makes them vulnerable to potential 
weakening.

Zhang et al. [231] presented cubic samples with 70% 
porosity, and their yield strengths exhibited slight varia-
tions among them. These observations align with Young’s 
modulus findings for these samples. Notably, the sample 
characterized by a pore size of 900 µm displayed a higher 
yield strength compared to those with a pore size of 700 µm, 
in contrast to Young’s modulus, where the former was lower 

Fig. 12   (a) CAD model of the gradient BCC structure and (b) difference in the irregularity (Ɛ) between samples of set 1 (images adapted from 
references [201, 209])
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than the latter. While the authors did not provide an explicit 
explanation for this discrepancy, they did acknowledge that, 
overall, the values were quite similar, and these differences 
were deemed statistically insignificant.

The diamond cell with approximately 80% porosity 
obtained by Wally et al. [217] demonstrates a higher yield 
strength compared to the sample with 79% porosity, which 
is consistent with Young’s modulus findings. As elucidated 
previously in the context of Young’s modulus, this outcome 
can be assigned to the gradient structure. However, the 
authors do not further address this discrepancy.

Octet truss and tetrahedron cellular units from Arabnejad 
et al. [214] are worth analyzing. In this study, the parameter 
evaluated was the type of unit cell. The authors found that 
both samples followed the trend of strength increase with 
porosity decrease. Even though the octet truss unit cells 
with 75 and 70% porosity show, according to the authors, 
no increase in strength, respectively. The authors attribute 
this occurrence to the smaller average strut dimensions, as 
previous studies have indicated a dependency on strut thick-
ness. It has been shown that structures with thinner struts 
tend to have lower strength, even when the porosity remains 
constant [235]. But, the main variation observed was the 
significant increase of the yield and ultimate compressive 
strength from the octet truss with 70 to 60% porosity and 
the tetrahedron with 75 to 70% porosity; see Table 6. The 
authors also concluded that the lower porosity octet truss is 
stronger than the tetrahedron, but with the increase of poros-
ity, the tetrahedron roles are reversed. These major varia-
tions may be assigned to manufacturing defects that could 
potentially modify the deformation mechanism of the unit 
cells, with manufacturing limitations being more evident in 
the octet truss lattice.

The trabecular-like unit cell from Liang et al. [209] also 
shows a slight discrepancy between the samples with poros-
ity of 62.65% and 63.52%. Interestingly, the yield strength 
exhibits a reduction from the condition of highest porosity 
to that of lowest porosity, in contrast to the initially antici-
pated trend. This behavior can be explained by the difference 
in irregularity between the samples (0.25 and 0.50, respec-
tively), as shown in Fig. 12b, which significantly influences 

the distribution and size of the pores and ultimately affects 
the Yield strength.

When comparing structures from different studies, more 
significant variations can be observed. Even though Amin 
Yavari et al. [211] and Wally et al. [217] diamond cells fol-
low the trend, the former demonstrates significantly lower 
yield strength compared to the latter despite having simi-
lar porosity levels. Within the same unit cell, Xiong et al. 
[218] is the study with the highest strength values comparing 
between samples with similar porosities, possibly due to the 
lower strut sizes and the presence of dense supports.

Regarding the tetrahedron unit cell, Deng et al. [215] 
exhibit an approximately 65% porosity sample with a yield 
strength lower than the 67% porosity sample from Zhao et al. 
[216]. These values are equivalent to the ones obtained for 
the Young’s modulus of these samples. However, in the case 
of the sample with 60% porosity from Arabnejad et al. [214], 
the yield strength is not lower than the one from the previ-
ous studies.

Failure modes  From all the assembled studies, only 5 evalu-
ated and described their structures’ failure modes. Eldes-
ousky et al. [219] observed a layer-by-layer crushing on the 
struts, resulting in a shear plane at a 45° angle for the cubic 
samples. Similarly, Distefano et al. [212] reported the occur-
rence of macroscopic failure, characterized by the presence 
of an inclined shear plane inclined at a 45° angle, for all their 
specimens, meaning triply arranged octagonal rings (TAOR) 
and Kelvin unit cell. Despite observing the same failure 
model, the latter authors detected different fracture mecha-
nisms, represented in Fig. 13. Specifically, they noted sliding 
as the primary mechanism for the TAOR cell and identified 
brittle fracture, often coinciding with a notch effect, in the 
Kelvin unit cell [212]. The scaffold H, a honeycomb-like 
unit cell from Xiong et al. [218], also presented a diagonal 
crush band inclined at a 45° angle.

There are structures that present layer-by-layer collapse 
along the applied force, such as the scaffold diamond-
like (D) and Schwartz diamond-graded porous structures 
(SDGPS), from Xiong et al. [218] and Yang et al. [236], 
respectively. The behavior of the latter structures was 

Fig. 13   Failure modes and fracture mechanism, respectively: (a, c) triply arranged octagonal rings (TAOR) and (b, d) Kelvin unit cell (images 
reproduced with permission from reference [212])
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characterized by a predominant collapse occurring in the 
layer with the lowest volume fraction and thinnest struts 
since it is considered as the location with the highest degree 
of stress concentration. The collapse will occur layer by 
layer, one at a time, which the authors believe is quite dis-
tinct from the uniform porous structures [236]. Likewise, the 
re-entrant structures from Eldesousky et al. [219] present 
two failure modes already discussed: a layer-by-layer col-
lapse, characterized by the vertical struts buckling, and the 
protrusion of vertical struts through the adjacent unit cells, 
as depicted in Fig. 14a.

Conversely, Wally et al. [217] documented different fail-
ure modes not based on the specific unit cell structures but 
rather on the density of the structure core. Structures without 
dense cores experienced a plastic lattice breakdown starting 
from the top and bottom sides, leading to structural col-
lapse. On the other hand, core-base structures exhibited core 
buckling followed by lattice strut failure until structural col-
lapse, as illustrated in Fig. 14b. Likewise, Xiong et al. [218] 
observed a deflection behavior of the scaffold diamond-
like with support (DS) characterized by the formation of 

a V-shaped shear band that propagated through the central 
region of the sample. The scaffold honeycomb-like unit 
cell with support (HS) exhibited a prominent distensible 
crack-oriented parallel to the compressive axis, extending 
across its lower portion. Notably, the deformation responses 
exhibited by scaffold H, scaffold DS, and scaffold HS closely 
resembled those observed in bulk metallic materials, which 
the authors believe is an indicator of the Functionally Graded 
Materials (FGM) structures’ high toughness.

Fatigue behavior  Concerning fatigue behavior, only three 
studies, namely Amin Yavari et al. [211, 232] and Zhao 
et al. [216], among those listed in Table 6, evaluated the 
fatigue performance of the samples. From Figs. 15 and 16, it 
becomes evident that the fatigue behavior is highly depend-
ent on pore geometry and the resulting porosity. Zhao et al. 
[216] achieved this conclusion by demonstrating that scaf-
folds with a pore size of 500 µm exhibited superior fatigue 
properties compared to those with a pore size of 1000 µm. 
In addition to porosity, the type of unit cell also impacts 
the fatigue performance of the scaffolds, as those based on 

Fig. 14   (a) The failure mode of samples with small strut thickness, 
cubic (left), re-entrant (right). (b) The failure mode of the variable 
LPBF Ti6Al4V lattices; P400 and P400/1C, sequence: top left (before 

the test began), top right, bottom left, and bottom right (at the end of 
the test) (images reproduced with permission references [217, 219])

Fig. 15   S–N curves obtained by compression-compression fatigue 
testing of (a) octahedron and tetrahedron structures with 500 μm and 
1000  μm of pore size. (b) Dodecahedron structures with 120  μm, 

170 μm, and 230 μm strut sizes and 450 μm and 500 μm pore sizes 
(image reproduced with permission from references [216, 232])
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the octahedron unit cell demonstrated longer fatigue lives 
than those based on the tetrahedron unit cell. The authors 
attribute this to the stress distribution in the bearing struts 
and the effect of loading direction. Specifically, the com-
pressive stress in each diagonal strut of the octahedron unit 
cell is lower than that of the tetrahedron unit cell, leading to 
improved fatigue behavior.

In Fig. 15b, besides pore size, the size of the struts 
also proves to be relevant. Among structures with the 
same pore size, the scaffold with a strut size of 230 μm 
exhibits the best fatigue behavior. Notably, this scaffold 
also has lower porosity in the Amin Yavari et al. study 
[232], emphasizing that both pore geometry and poros-
ity significantly influence fatigue behavior. Figure 16a,b 
illustrates the fatigue behavior of diamond and truncated 
cuboctahedron lattices from the Amin Yavari et al. study 
[211]. The results indicate that the fatigue behavior of 
these scaffolds is highly dependent on both porosity and 
unit cell type. In both types of unit cells, higher porosities 
result in shorter fatigue lives for the same level of applied 
stress, as depicted in Fig. 16a,b. Although this figure only 
presents results from the diamond and truncated cubocta-
hedron lattices, the cubic lattice yields remarkable results 
as well. The authors believe that regardless of their poros-
ity, these cellular structures do not fail under fatigue after 
106 loading cycles, even when the maximum applied stress 
reaches 80% of their yield strength.

Based on the analysis of the previous information and the 
data provided in Table 6, a comparison was made between 
the mechanical behavior of the cortical and trabecular bone, 
which the researchers aim to achieve, and the mechanical 
performance obtained from each unit cell. Based on this 
comparison, structures with Young’s modulus falling within 
the range of trabecular bone (0.02 to 2 GPa) and cortical 
bone (2 to 30 GPa) values were selected and depicted in 
a graph, as shown in Fig. 17. To the best of the authors’ 
knowledge, these structures have the potential to mimic bone 
properties and mitigate current complications associated 
with arthroplasty.

3.2.2 � Biological response

To evaluate the cytotoxicity and the ability of cells to grow 
and colonize, the samples were directly seeded with cell 
lines using established procedures [200, 209, 216, 217, 221, 
223, 225, 228, 229, 234] or harvested directly from rats 
[231]. The cell lines employed vary among osteosarcoma 
[209, 229, 230], osteoblasts [201, 216, 217, 221, 223, 225, 
237], periosteum-derived cells [234], fibroblasts [200, 228], 
and bone marrow-derived stem cells (BMSCs) [231].

Zhang et al. [231] and Xu et al. [237] conducted both 
in vitro and in vivo investigations, whereas Deng et al. 
[215], Arabnejad et al. [214], and Yu et al. [238] conducted 
extensive in vivo investigations utilizing different scaffold 
types. These scaffolds exhibited diverse cell structures, such 
as cubic, hollow hexagonal prism, hollow triangular prism, 
diamond, tetrahedron, cubic-like, tetrahedron, octet truss, 
and dodecahedral crystal. The studies involved implant-
ing these structures in rats and rabbits and evaluating their 
osteointegration over specific intervals through a range of 
assessment techniques, including histological examination, 
micro-CT 3D reconstruction, scanning electron micrograph 
(SEM) analysis, X-ray examination, and push-out tests. 
These in vivo setups are illustrated in Fig. 18.

The biological response of bone growth is significantly 
influenced by various factors, including the porosity of struc-
tures determined by the size, number, and shape of pores, 
as well as surface energy closely associated with porosity. 
Additionally, the type of unit cell employed also contributes 
to this process. Despite their collective impact, the exact 
contribution of each factor is not yet clearly defined, result-
ing in ongoing debates within the field.

Permeability  The permeability of cellular structures is 
closely associated with their porosity. High permeability is 
equivalent to high porosity and vice-versa, and it affects the 
efficiency of cell seeding. Impens et al. [239] proposed that 
high permeability reduces resistance to the cell suspension, 
resulting in higher fluid velocities that hinder cell attachment 

Fig. 16   S–N curves obtained 
by compression-compression 
fatigue testing of (a) diamond 
structures with 64%, 72%, 79%, 
and 89% of porosity and (b) 
truncated cuboctahedron with 
64%, 72%, 79%, and 89% of 
porosity (images reproduced 
with permission from reference 
[211])
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to the surface. This theory was confirmed by Van Bael et al. 
[234], who observed that lower permeability in the seeding 
direction increased the number of cells attached after 1 day 
of in vitro culture.

In contrast, Li et al. [223] demonstrated higher cell adhe-
sion in the FBCCZ (face-centered cubic unit cell with longi-
tudinal struts) unit cells, which had lower porosity compared 

to the FCCZ (face and body-centered cubic unit cell with 
longitudinal struts). Although the cell viability was similar 
in both structures and comparable to the control, this high-
lights the excellent biocompatibility of these cellular struc-
tures, which could be attributed to the different unit cells. On 
the other hand, Zhao et al. [216] believe that structures with 
larger pores enable more cell adhesion, resulting in greater 

Fig. 17   Cellular structures with Young’s modulus values capable of mimicking the trabecular and/or cortical bone (graphs derived from the data 
gathered in Table 6)

Fig. 18   Deng et al. [215] 
in vivo test setup starting with 
the exposure of the distal lateral 
condyle of the femur (a), then 
drilling a defect (5 mm in diam-
eter and 8 mm in depth) from 
the lateral femoral condyle of 
the rabbit at low speed (b) and 
finally implanting a titanium 
scaffold into the bone defect 
(c). (d) Arabnejad et al. [214] 
in vivo test setup with scaffolds 
implantation in dogs healthy 
femurs (images reproduced with 
permission from [214, 215])
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bone ingrowth. This finding aligns with the conclusion of 
Liang et al. [209], who showed that among the three pro-
duced trabecular-like surfaces with the same irregularity but 
different porosities, the two with higher porosity promoted 
better osteoblast proliferation and differentiation.

Pore size and geometry influence  Permeability is dependent 
on the pore size, which plays a crucial role in cell growth. 
It characterizes the mass transportation within the scaffold 
[209] and therefore affects the scaffold’s ability to transport 
mass. Pore size is associated with the sustainability of cell 
viability and proliferation due to the passage of cell supplies, 
nutrient and oxygen supply, and metabolic waste release. 
Larger pores facilitate these processes more effectively 
[209]. Additionally, pore size can influence cell adhesion. 
In larger pores, cells attach to a single strut, while in smaller 
pores, they can attach to multiple struts [234]. This differ-
ence affects the stimuli experienced by the cells, leading 
to distinct biological responses in terms of attachment and 
proliferation.

Zhang et al. [231] found that scaffold characteristics, 
particularly a pore size of 700 µm and porosities between 
70 and 90%, facilitated the highest cell viability. Interest-
ingly, pores were observed transforming from rectangular 
to circular due to pore occlusion by corner bridging. Gene 
expression was highest with 70% porosity, while ALP 
activity peaked at 90% porosity. The in vivo results sug-
gest that a pore size of 600–700 μm with 70–90% porosity 
fosters optimal bone defect repair. The authors believe that 
the increased pore size and subsequent higher permeability 
facilitated cell suspension and medium permeation within 
the scaffold. This allowed for ample space for cell growth 
and aggregation as well as enhanced blood vessel forma-
tion and oxygen supply, thereby promoting osteogenesis. Yu 
et al. [238] also observed that scaffolds with a porosity of 
90% and a pore size of 650 μm enhanced the quantity, qual-
ity, and biomechanical properties of peri-implant bone with 
increasing healing time.

Figure 20f shows that triangular, hexagonal, and rectan-
gular-shaped scaffolds with 500 μm pores exhibited higher 
occlusion rates, particularly the hexagonal pores, which 
show the highest level of occlusion. This can be attributed 
to pore geometry, as the authors observed that structures 
with obtuse-angled pores, such as hexagonal pores, tend to 
exhibit more occlusion compared to structures with acute-
angled pores, such as triangular pores [234]. Xu et al. [237] 
found similar results when evaluating the biological per-
formance of two different scaffold types with an overall 
porosity of 60%, a hollow hexagonal prism (group A) and 
a hollow triangular prism (group B) unit cell with ~ 50 μm 
pore sizes. The authors found that the surface area of group 
A scaffolds potentiates superior cell adhesion compared to 

group B. This results from the reduced surface area on the 
underside of group B scaffolds, leading to increased cell 
adhesion within the scaffolds or at the orifice plate’s base. 
Moreover, quantitative ALP staining results indicated the 
stronger bone differentiation promotion ability of group A 
scaffolds in comparison to group B. However, the authors 
assign the improved potential of the hexagonal prism unit 
structure in promoting bone differentiation and integration 
compared to the triangular prism unit structure to errors and 
spatial resolution. This may be due to the surface shape of 
the hexagonal prism unit structure closely resembling a cir-
cle and the included angle between the beams being circu-
lar, facilitating cell attachment and spreading. Furthermore, 
its larger surface area enhances cell adhesion and allows 
for increased acceptance of mechanical stimulation. On 
the other way, some authors believe that pores smaller than 
100 μm are responsible for pore occlusion, as shown by Zhao 
et al. [216], where samples with pore sizes of 500 μm and 
1000 μm did not exhibit occluded pores. For this reason, Van 
Bael et al. [234] advocate for graded scaffolds that combine 
small pores for initial cell attachment and larger non-circular 
pores to prevent pore occlusion. Similarly, Liang et al. [209] 
propose a graded porosity with a combination of small and 
large pores of varied shapes, as depicted in Fig. 19a. It is 
worth noting that although the graded structures have lower 
total porosities (48.83% and 63.51%), they achieved better 
viability and proliferation results, as shown in Fig. 19b.

In line with the findings of Van Bael et al. [234] and 
Liang et al. [209], Pagani et al. [225] conducted a prelimi-
nary evaluation and established that graded scaffolds exhib-
ited improved biocompatibility results. However, they also 
demonstrated that both uniform and graded porosity scaf-
folds provided an environment suitable for osteoblast adhe-
sion and proliferation. Figure 20a illustrates a predominantly 
regular distribution of cells, occasionally interrupted by 
small empty areas, over time, indicating good cell adhesion. 
Upon closer examination in Fig. 20, intricate organization 
of osteoblasts can be observed on the top surface (Fig. 20d) 
and around the pores (Fig. 20e). Although cell adhesion 
is primarily observed on the most superficial layer of the 
samples, a uniform layer of cells can be seen, attempting to 
fill the pores (Fig. 20b,c). These observations were further 
confirmed through SEM images, which revealed cells on the 
top surface and inside the pores. Consequently, a comparison 
of scaffolds with different porosities led to the conclusion 
that graded porosity scaffolds exhibited slightly more pro-
nounced cellular colonization at deeper visible levels [225].

Surface energy impact  The permeability of the structures is 
also influenced by the surface energy, which is another factor 
in cell adhesion. Cell binding shows a linear increase in sur-
face hydrophilicity [200] which typically tends to increase 
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with porosity. In the study conducted by Costa et al. [200], 
wettability tests were performed, and it was concluded that 
all the produced cellular structures exhibited hydrophilic 
behavior. The authors were unable to measure the static 

contact angle between water or phosphate-buffered saline 
(PBS) and the lattice structure without bioactive material, 
as the drops quickly spread on the surface and throughout 
the specimen’s porosity, as depicted in Fig. 21. Similarly, 

Fig. 19   On the left is (a) a trabecular-like cellular structure with 
porosity gradient, and on the right is (b) viability and proliferation of 
MG63 cells on porous Ti-6Al-4 V scaffolds with different porosities: 

fluorescence microscopy images after being cultured for 1 day (live 
cells appeared as bright green dots) (images reproduced with permis-
sion from reference [209])

Fig. 20   Above are (a) images of normal human osteoblast cells 
(NHOst) labeled with fluorescein isothiocyanate, on scaffolds’ sur-
faces at 1 day, 7 days, and 14 days after seeding with a magnification 
4 × and scalebar of 500 μm. In the middle are details of cell organiza-
tion on both cellular structures: NHOst forming cell layer on a pore 
(b) and cell–cell connection inside a pore (c); dense NHOst culture 
on scaffold surface (d) and contouring a pore edge (e) with a magnifi-

cation of 10 × and a scale bar of 100 μm. Below are (f) representative 
images of live/dead staining and SEM images in the horizontal and 
vertical plane of human periosteum-derived cells on the six porous 
Ti6Al4V scaffold designs. The Ti6Al4V scaffolds were cultured for 
14 days in an osteogenic medium or growth medium. Green fluores-
cence indicates living cells (image reproduction with permission from 
references [225, 234])
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Melo-Fonseca et al. [228] conducted wettability tests using 
both water and a representative biological fluid, PBS. They 
reported that the lattice structure without any bioactive 
material exhibited hydrophilicity, as they were unable to 
determine the static contact angle. The spreading velocity 
of the drops was much higher compared to the study by 
Costa et a. [200], as shown in Fig. 21b, indicating a super 
hydrophilic behavior. Both of the studies [200, 228] attrib-
uted the hydrophilicity to the open-cell geometry and low 
surface roughness of the structures, emphasizing the impor-
tance of this property for biocompatibility. They defend that 
enhanced interaction between the implant and tissues can be 
achieved as a result [228].

Unit cell effect  The type of unit cell also significantly 
influences cell growth. According to Zhao et al. [216], the 
octahedron unit cell was found to be more suitable for cell 
proliferation compared to the tetrahedron unit cell, consid-
ering that there were no differences in material and surface 
topography. The cell adhesion and migration showed the 
presence of pseudopodia. Pseudopodia, or protrusions, rep-
resented in Fig. 22, are organelles used by cells to extend 
their leading edge in various directions during cell migra-
tion [240, 241]. These membrane protrusions, including 
filopodia, among others [242], play a crucial role in com-
munication with the extracellular matrix and other cells. 
The anchoring of cells on the surface of materials is highly 
relevant for cell adhesion. Therefore, the presence of pseu-
dopodia on the structure surface indicates that cells are 
interacting with the substrate, suggesting a suitable surface 
for cell proliferation [216].

In the study conducted by Dallago et al. [229], where six 
different unit cell topologies were tested, it was concluded 
that the cubic structure is more suitable for bone ingrowth. 
Similarly, Costa et al. and Melo-Fonseca et al. [200, 228] 

also employed cubic-like structures and found that these 
structures exhibited a hydrophilic behavior, promoting cell 
impregnation and proliferation. These studies not only evalu-
ated the mechanical and biological performance of the cel-
lular structures but also assessed their performance when 
impregnated with bioactive materials [200, 228].

Wally et al. [217] examined both a common unit cell, 
diamond structures with different pore sizes, and a non-com-
mon unit cell, the spider-web. They concluded that the pore 
size and shape did not significantly impact cell prolifera-
tion, and both diamond and spider-web structures supported 
cell viability and mineralization. Similarly, Xu et al. [237] 
evaluated the in vitro biocompatibility of scaffolds with dif-
ferent unit cells, a hollow hexagonal prism (group A) and a 
hollow triangular prism (group B), and concluded that there 
was no significant statistical difference in the proliferation 

Fig. 21   (a) Hydrophilic and 
(b) Super hydrophilic behav-
ior of Ti6Al4V LPBF cellular 
structures, respectively (images 
reproduced with permission 
from references [200, 228])

Fig. 22   Representation of pseudopodia in blue (adapted and redrawn 
from reference [216])
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of the cells and that they showed good biocompatibility, 
good cell morphology, and no cytotoxicity. However, the 
in vivo findings suggest that the porous scaffold’s hollow 
hexagonal prism structure was more effective in fostering 
bone differentiation and integration than the triangular prism 
structure. Besides, the in vivo tests showed that all scaffolds 
maintained their structural integrity post-implantation, with 
no evident inflammatory response or infection observed in 
the adjacent tissues.

In the study by Deng et al. [215], four structures with 
the same porosity and different unit cells were implanted in 
rabbits’ femurs. Over time, it was observed that the amount 
of bone tissue within the pores of all scaffolds gradually 
increased, as shown in Fig. 23. Notably, this figure depicts 
the actual biological response of bone cells to the cellular 
structures, as this is one of the in vivo studies included in 
this article. The diamond lattice demonstrated the highest 
level of bone growth, while the cubic structure with circu-
lar pores exhibited the lowest bone growth. Furthermore, in 
terms of fluid flow simulation within the scaffold, the dia-
mond lattice was found to be the most favorable. It exhibited 
the smallest internal fluid flow velocity difference, facilitat-
ing cell attachment to the surface. Additionally, it provided 
the longest fluid flow trajectory, enabling the transport of 
nutrients and oxygen to more areas of the scaffold. These 
factors contributed to increased bone growth [215].

3.2.3 � Mechano‑biological interplay

According to the literature, the mechano-biological perfor-
mances of cellular structures are influenced by three main 
features: Young’s modulus, porosity, and pore size. Young’s 

modulus is considered suitable between 2 and 30GPa, taking 
natural bone properties as a reference [22, 196, 201, 208, 
209]. Porosity is inversely proportional to Young’s modulus 
and typically ranges between 30 and 80% for the mentioned 
modulus range. Additionally, pore size plays a crucial role in 
the biological response and the ability of cells to grow and 
proliferate. Structures with pore sizes ranging from 100 to 
1000 µm are reported to enhance a better biological response 
by facilitating mass transportation within the scaffold and 
preventing pore occlusion [209, 216, 231, 234, 237].

In the author’s opinion, the interplay between Young’s 
modulus, porosity, and pore size defines the optimal domain 
of cellular structures that can be applied in orthopedic 
implants. To illustrate this, Fig. 24 provides an engineer-
ing tool showcasing various examples of different types of 
cellular structures within the mentioned optimal domain. 
These structures include the auxetic cubic and re-entrant 
[219], body-centered cubic [201], cubic [213, 231], cubic-
like [196], diamond [217, 218], honeycomb [218], octahe-
dron [216], octet [213], octet-truss [214], spider-web [217], 
tetrahedron [214, 216], and TPMS [213], as represented in 
Fig. 24.

4 � Cases of study

At the frontline of modern manufacturing, Powder Bed 
Fusion has gathered considerable attention owing to its 
unparalleled precision, flexibility, and capacity to fabricate 
highly intricate and individually tailored structures, such as 
high complex cellular designs [164, 182, 184]. The devel-
opment of hip implants incorporating cellular structures 
heavily relies on PBF’s capability to minimize material 

Fig. 23   Stained histologi-
cal sections of dehydrated, 
embedded samples of the bone 
scaffolds obtained at 6 weeks 
and 12 weeks. Pink represents 
the bone tissue, and black 
represents the scaffold. Original 
magnification: 10.0; scale bar: 
1 mm (image reproduced with 
permission from reference 
[215])
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impurities while ensuring the production of intricately 
designed components.

This chapter provides an extensive overview of the full-
scale prototypes of hip implants integrating cellular struc-
tured features. However, there remains a lack of evidence 
regarding the biological evaluation and clinical outcomes 
in the case of the study, emphasizing the need for further 
research in the clinical application of implants integrating 
cellular structures. Table 7 presents the specifics of these 
implementations for further clarification.

4.1 � Case of study 1

Three types of unit cells, namely the body-centered cubic, 
diamond, and rhombic dodecahedron, were chosen to design 
meta-implants for deformable acetabular cups. These selec-
tions were based on the unit cell’s relatively high Poisson’s 
ratio and low Young’s modulus. A graded relative density 

was proposed in three steps, ranging from 10% on the inside 
to the minimum printable density determined by the mini-
mum printable strut diameter of 200 μm. The relative den-
sity values varied depending on the unit cell, with 2% for the 
diamond and body-centered cubic and 10% for the rhombic 
dodecahedron.

A total of 27 specimens were fabricated using the DMP 
320 (now known as DMP Flex 350) equipment and CP-Ti 
powder. To assess the mechanical behavior of the specimens, 
27 moulds were prepared using a bone-mimicking material 
that exhibited common shape features of the natural acetabu-
lum (Fig. 25), particularly the Paprosky Type 2B defect. 
These moulds accommodated the displacement of all the 
samples.

For the experimental setup, a compressive load was 
applied in an axial direction using a static test machine 
equipped with a 20 kN load cell (Fig. 25). To simulate the 
loading conditions in the human acetabulum, a 25-mm steel 

Fig. 24   The interplay between Young’s modulus, porosity, and pore size on the mechano-biological response of cellular structures targeting the 
orthopedic field (adapted and schematized from references [196, 209, 213–219])
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ball exerted a constant displacement of 0.5 mm/min on the 
inner hemisphere of the cellular cup until a maximum dis-
placement of 5 mm was reached. The mechanical results, 
such as Yield strength, Young’s modulus, Ultimate Com-
pressive strength, and others, were not achieved, and the 
mechanical behavior evaluated focused on the deformation 
that the implant would suffer as well as the deformation it 
would cause in the implant-bone interface.

The authors concluded that the functionally graded 
designs could produce the desired deformation pattern in 
the mould, with the struts surrounding the solid hemisphere 

remaining intact while the unit cells in direct contact with 
the mould deformed into the defects. Among the three 
designs, the diamond-FG structure exhibited the most prom-
ising deformability and space-filling properties.

4.2 � Case of study 2

Using CT (computed tomography) images, a 3D acetabular 
cup was reconstructed, and the selected unit cell was applied 
to create structures with different sizes, porosities, and opti-
mization (variable density).

Table 7   Cases of study of hip implant components, acetabular and femoral, including cellular structures (N.p. as not provided)

Case of 
Study Unit Cell Manufac. 

Tech. Equipment Material Implant Refs.

1

Body-Centred Cubic

LPBF DMP Flex 350 CP-Ti powder

[243]

Diamond [243]

Rhombic Dodecahedron [243]

2 Vintile LPBF SLM-125 Ti6Al4V [244]

3 Undefined LPBF Concept laser M2
Type 4 titanium 

alloy
[245]

4 Cubic LPBF EOS M280 Ti6Al4V [246]

5 Diamond cubic LPBF EOSINT M280 Ti6Al4V [247]

6 Diamond cubic LPBF EOSINT M280 Ti6Al4V [248]

7 Hybrid Structure: Auxetic and conventional LPBF N.p. Ti6Al4V-ELI [249]

8 Rhombic dodecahedron EBM N.p. Ti6Al4V [250]

9 Rhombic dodecahedron EBMP N.p. Titanium alloy [251]

10 Stochastic LPBF EOSINT M 280 Titanium Ti64 [252]

11 Tetrahedron LPBF Renishaw AM250 Titanium [253]

12 Vintile LPBF EOS-M290 Ti6Al4V [263]

Fig. 25   (a) Body-centered 
cubic (left) and diamond 
(right) acetabular components. 
(b) Rhombic dodecahedron 
acetabular component (left) 
and mould fabricated with 
bone-similar material (right). 
(c) The experimental setup used 
to evaluate the deformation and 
space-filling of the samples pro-
duced (images reproduced with 
permission from [243])
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These structures were fabricated using the SLM-125 
equipment with a 200 WCW ytterbium fiber laser in an argon 
atmosphere. The resulting structures closely resembled the 
CAD design, with circular beams in the cross-sectional area 
and spherical cores, as shown in Fig. 26. Although the mor-
phology did not exhibit a balling effect in the beams, cracks 
measuring approximately 15 µm in length and less than 
0.5 µm in width were observed. Bonded particles, which 
were not fully melted, were also present on the surface of the 
beams. The authors attributed this phenomenon to the par-
tially melted metallic powder at the boundary of the beams, 
as the powder had a similar size to these particles.

To validate the simulation results, compression tests 
were conducted following the ASTM standard D1621-10. 
The compressive load was applied along the build orienta-
tion with a strain rate of 0.1 mm/min until a plastic defor-
mation range of 20 mm was reached. As anticipated, the 
Yield strength, Young’s modulus, and Ultimate Compressive 
strength exhibited a linear decrease with an increase in unit 
size and porosity.

The study demonstrated that the acetabular cup with 
the vintiles lattice topology possessed high porosity, good 
interconnectivity, and sufficient stability to withstand nor-
mal loads. Young’s modulus of both optimized AC cellular 
implants ranged between 5 and 13 GPa, which fell within 
the range of Young’s modulus of human bone (estimated 
to be between 0.3 and 20 GPa, according to the authors). 
The optimized structures also exhibited lower porosity 
and pore size compared to the non-optimized structures, 
thereby enhancing the mechanical performance and stabil-
ity of the implants.

4.3 � Case of study 3

This case differs from the others analyzed as the authors did 
not print an initial acetabular implant but rather an acetabu-
lar revision endoprosthesis. They utilized an Ultimaker2Go 
printer to create a PLA acetabulum prototype based on 
multislice-computerized tomography results of acetabulum 
defects in four patients. These 3D models were generated to 
verify the optimal positions of screw holes and the resulting 
fixation of the device.

For the prosthesis, the acetabular device was fabricated 
using type 4 titanium alloy on a concept laser M2 printer, as 
shown in Fig. 27. It was determined that in cases with sub-
total defects of the acetabulum, a hemisphere shape was the 
optimal choice for the implant, designed based on geodesic 
dome principles. For cases with total defects of the acetabu-
lum, the implant shape corresponded to the shape of the 
missing parts in the acetabulum. The external surface of the 
implant featured a lattice structure to enhance osteointegra-
tion properties, while the internal surface was rough to allow 
for the use of cement in the individually prepared implant.

Similar to the first study, although the focus was differ-
ent, the mechanical properties of the implants such as Yield 
strength, Young’s modulus, and Ultimate Compressive 
strength were not assessed. The main objective was to evalu-
ate the use of AM in the fabrication of implants, specifically 
examining patients with additively manufactured implants.

The authors concluded that the personalized approach in 
the reendothelization of hip joints with severe bone defects 
resulted in the complete filling of acetabular defects and 
successful endoprosthetization of the hip joint, with the 

Fig. 26   On the left are cellular implants (AC) with vintiles structures 
built by the LPBF process: (a) non-optimized with 5 × 5 × 5 mm unit 
size, (b)  optimized with 6 × 6 × 6  mm unit size, (c)  non-optimized 
with 5 × 5 × 5 mm unit size, and (d) optimized with 5 × 5 × 5 mm unit 
size. On the right are SEM images of (e) the cross-section cellular 

implant with a vintiles cell size of 4 × 4 × 4  mm, (f)  the cracks on 
the surface of the beam, (g) bonded particles on the surfaces of the 
beams, and (h) cracks on the non-optimized surface (images repro-
duced with permission from reference [244])
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maximum restoration of the biomechanical axis and limb 
support function using a relatively safe technique. However, 
the cost of the technology, including preliminary computa-
tions for personalized treatment, imposes limitations on the 
widespread use of these techniques. Additionally, the devel-
opment of supply and equipment bases, as well as the need 
for experienced and highly qualified specialists, would also 
entail significant costs.

4.4 � Case of study 4

The authors defined the geometry of their implants on a 
survey conducted with expert surgeons and academicians 
working at different hospitals and universities. The unique 
geometry involved linking the outer and inner regions of 
the implant. The outer regions featured semi-spherical pores 
with cylindrical and cell channel shapes.

Nine specimens were built using the EOS M280 equip-
ment: three solid implants (T1, T2, T3), three large pore 
implants with a pore diameter of 0.6  mm (BG1, BG2, 
BG3), and three small pore implants with a pore diameter of 
0.3 mm (KG1, KG2, KG3). The specimens were sandblasted 
after production, and a reference implant (O) was produced 
by machining.

To assess the fatigue behavior of the samples, a servo-
hydraulic fatigue test machine, Instron 8872, was used 

with a 25 kN load and a 100 N torque capacity. During the 
compression test, an acrylic-based bone cement block was 
used to fix the implant in the defined position, as shown 
in Fig. 28. The stems of the implants were positioned to 
experience maximum loading in the proximal femur region. 
Sinusoidal compressive loads with a frequency of 15 Hz 
and limits ranging from 300 to 2300 N were applied to the 
implants, and the vertical displacements were measured 
using a displacement sensor connected to an actuator in the 
test machine after every 50,000 load cycles.

The authors concluded that, as expected, the displace-
ments are directly proportional to the pore diameters. The 
reduction in cross-sectional area due to the increase in pore 
diameters resulted in higher displacements. They also high-
lighted that the deformation of the implants remained within 
the elastic region, and the maximum stresses occurred in the 
neck region of all implants. Despite the higher equivalent 
stress in the lightened implants, all implants were found to 
be successful after 5 million load cycles, leading the authors 
to conclude that the fatigue life for all the produced implants 
was infinite.

4.5 � Case of study 5

The diamond lattice structure was selected due to 
its increased compliance compared to its cube or 

Fig. 27   (a) Acetabular com-
ponent and (b) 3D bone model 
with the acetabular device 
implanted (images adapted from 
reference [245])

Fig. 28   All specimens produced (a) and experimental setup (b) (images reproduced with permission from reference [246])
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octahedron-based lattice counterparts, as observed in the 
mechanical tests in the studies by Ahmadi et  al. [255], 
Zadpoor et al. [256], and Dumas et al. [257]. The authors 
used the EOSINT M280 system for fabricating the proto-
types, and the unmelted powder was subsequently removed 
through a vibrating table and compressed air flow. However, 
the number of samples used was not disclosed. Afterward, 
the prototypes underwent thermal stress release and were 
blasted with aluminum oxide media to achieve the desired 
overall finish.

To assess the mechanical behavior, the stem was posi-
tioned and fixated to an aluminum tube filled with embed-
ding medium, a positioning similar to that used in the fourth 
case of study (see Fig. 29). These tests were conducted using 
an MTS Alliance RF/200 testing machine equipped with 
a ± 10 kN load cell from the same manufacturer. The authors 
employed a different approach to force evolution in mechani-
cal testing compared to the previously analyzed case studies. 
The tests were divided into two phases: incremental test-
ing up to a maximum force of 1500 N (preconditioning), 
followed by constant-force testing for 3 cycles per field of 
view (FoV). The maximum force was chosen to ensure that 
the stems remained undamaged for subsequent studies. The 
experimental displacement maps were acquired using digital 
image correlation (DIC) with an ARAMIS 5 M stereoscopic 
camera system. Since a continuous 3D surface is required 
to construct a strain map using this technique, the asperities 
of the porous window of the stem were filled with hot glue 
before applying the spray of white background coating and 
black random speckle pattern.

When comparing the experimental results with the 
numerical ones, the authors identified relative differences 
between the full dense and porous stems of 8.1% and 7.1%, 
respectively. They attribute these variances to disparities 
between the numerical simulation and real boundaries. 
The stiffness of the fully dense stem was determined to be 
2043 N/mm and 2222 N/mm in the numerical and experi-
mental results, respectively. Similarly, the stiffness of the 
porous stem was evaluated at 1525 N/mm and 1417 N/
mm, respectively.

Additionally, the authors analyzed two properties that 
were not previously mentioned in the studies: the sur-
face-to-volume ratio (STVR) and the strength-to-stiffness 
ratio (STSR). They believe that the implant will provide a 
secure bone fixation if the STVR approaches that of the 
bone, which typically falls within the range of 3–5 mm−1. 
The STVR depends directly on pore size, strut thickness, 
and porosity. The STSR, on the other hand, corresponds 
to the ratio of Yield strength to Young’s modulus and 
is plotted as a function of porosity. A higher STSR is 
desired as it combines low stiffness with high strength, 
thereby potentially reducing stress shielding and increas-
ing fatigue life.

When comparing the diamond lattice structure (with 
800-µm pore size and porosity of 58%) to the stochastic 
cellular structure from another study [252] and to human 
bone, the authors discovered that the diamond structure 
exhibited an STVR close to that of bone, lower than the 
stochastic structure, and a higher STSR that was closer to 
bone and much higher than the stochastic structure.

Fig. 29   (a) Experimental setup used for mechanical testing, (b) FoVs of the DIC setups, and (c) drawing of the specifications of the stem support 
(images reproduction with permission from reference [247])
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The authors believe that the results of the correlation and 
deviation analysis between the numerical and experimen-
tal displacement and strain fields support and validate the 
numerical model. They defend that the analysis of STVR 
and STSR metrics should be combined with the analysis 
of Yield strength and Young’s modulus. The authors sug-
gest utilizing pore size and strut thickness gradients in spe-
cific locations within the femoral stem, as they believe this 
controlled transition would facilitate biological fixation and 
achieve optimal mechanical strength.

4.6 � Case of study 6

The authors conducted mechanical testing on structures 
with three different configurations: an intact femur, a femur 
implanted with a fully dense stem, and a femur implanted 
with a stem incorporating a diamond cubic lattice structure. 
The choice of the diamond cubic lattice as the unit cell was 
based on several advantages perceived by the authors. These 
include quasi-isotropic mechanical properties, a self-sup-
porting geometry suitable for LPBF, and an STVR similar to 
that of human bones. The porous stem was designed with a 
hollowed structure, and its core was filled with the diamond 
cubic lattice, as depicted in Fig. 30. All stems were fabri-
cated using EOSINT M280 equipment.

The intact femur and the femurs used for stem implanta-
tion were obtained from SAWBONES® and belonged to the 
“model 3406,” representing a large left composite femur. 
The femoral head was resected, and the stem was implanted 
and positioned according to the surgical protocol provided 
by the manufacturer, Stryker®. The femur orientation fol-
lowed the guidelines outlined in the ISO 7206–4 (2010) 

standard, which was developed for assessing the fatigue life 
of femoral stems. To ensure the alignment with the CAD 
model’s orientation planes, both the intact and resected 
femurs were embedded in resin (AdTech Marine Systems 
ProBuild Epoxy Resin), as shown in Fig. 30. After allowing 
24 h for the resin to solidify, one of the resected femurs was 
implanted with the fully dense stem, while the other one was 
implanted with the porous stem (Fig. 30).

Similar to studies 4 and 5, the femurs, both intact and 
with the stems, were secured within a tube embedded in a 
resin medium. To replicate the mechanical testing, an MTS 
Alliance RF/200 testing machine equipped with a ± 10 kN 
load cell from the same manufacturer as in study 5 was 
utilized. Full displacement fields were recorded using an 
ARAMIS 5 M stereoscopic camera. The testing procedure 
involved two phases: Initially, the load was incrementally 
increased up to a maximum of 3 kN. Subsequently, two 
cycles of loading and unloading were applied at the maxi-
mum force of 3 kN. This force was determined based on 
the maximum bodyweight force factor on the femoral head 
during daily activities [258], considering the corresponding 
body mass of 90.8 kg for the actual femur. The intact femur 
exhibited higher overall stiffness compared to its implanted 
counterparts.

The authors concluded that the comparison between the 
calculated and measured force–displacement diagrams, 
along with the finite element analysis (FEA) and experi-
mentally measured (DIC) displacement and strain fields, 
demonstrated an acceptable agreement for all three construct 
configurations. Furthermore, they found that the porous stem 
reduced the surface ratio of bone resorption when compared 
to the bone remodeling onset of its dense counterpart. This 

Fig. 30   (a) Fully dense femoral 
stem. (b) Implanted test con-
structs of the current study. 
(c) Femoral stem incorporat-
ing the cellular structure and 
showing a cutaway view of the 
internal structure in the distal 
part (image reproduction from 
reference [248])
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conclusion was drawn by comparing the numerically pre-
dicted equivalent strain fields of the implanted femurs to 
that of the intact femur, with a threshold level of s = 0.6. The 
chosen threshold value allowed a successful comparison of 
the numerically predicted bone mass redistribution in the 
implanted femurs with corresponding clinical dual-energy 
X-ray absorptiometry images.

4.7 � Case of study 7

After conducting mechanical tests and observing a con-
sistent bilateral compression profile extending along both 
borders, a new unit cell design was selected. This design 
involved a hybrid meta-biomaterial combining re-entrant 
and conventional hexagonal unit cells without a transitional 
region. The unit cell was implemented in three different 
ways, resulting in three hybrid implants: The first with a 
50/50 cell ratio (H1), the second with a 50/50 cell ratio and 
a solid core (H2), and the third with a 70/30 cell ratio (H3). 
Two control implants were also used, consisting of a conven-
tional design (C1) and an auxetic design (C2). All implants 
were manufactured using LPBF equipment. Subsequently, 
the samples were removed from the build plate, immersed in 
96% ethanol, and subjected to ultrasonic cleaning for 10 min 
to remove excess powder.

To evaluate the performance of the implants, the authors 
aimed to simulate the implant-bone contact after surgery. 
The samples were enclosed on the medial and lateral sides 

in a bone-mimicking material, while the tip of the sam-
ple was clamped in an aluminum plate. This experimental 
setup, as depicted in Fig. 31, closely resembled the setup 
used in studies 4, 5, and 6, with the difference lying in the 
enclosed implant amount. For the compression test, a static 
testing machine with a 10 kN load cell was utilized, apply-
ing a maximum deformation of 1.5 mm to the femoral head 
at a rate of 0.5 mm/min. However, the mechanical results of 
the implants, such as Yield strength, Young’s modulus, and 
Ultimate Compressive strength, were not obtained.

All implants exhibited compressive strains on the 
medial side, while the hybrid implants, where the aux-
etic and conventional unit cells were combined, demon-
strated compression at the lateral implant-bone interface. 
The presence of a solid core surrounding the neutral axis 
appeared to amplify the expansion created by the unit 
cells, as the authors believed it affected the stiffness of the 
implants. Among all the implants, the H2 implant outper-
formed the others by generating a consistent compression 
profile along both defining lines of the implant. The bone 
interface is also illustrated in Fig. 31.

The authors claim to have discovered a novel meta-
implant design that induces compression on both sides of 
the contact lines with the surrounding bone. This design 
aims to reduce the risk of bone-implant interface failure 
according to Hoffman’s criterion, prevent the entry of wear 
particles into the interface space, minimize stress shield-
ing, and enhance bone ingrowth.

Fig. 31   (a) Experimental setup and (b) horizontal strains in the bone-mimicking materials surrounding the meta-implants at t = 0 and t = 180 s at 
1.5 mm displacement for C1, C2, H1, H2, and H3 (image reproduction with permission from reference [249])



4110	 The International Journal of Advanced Manufacturing Technology (2024) 130:4073–4122

4.8 � Case of study 8

After conducting and evaluating various mechanical tests on 
a group of different unit cell structures, the authors selected 
the dodecahedron rhombic unit cell for the femoral implant 
design. Solid necks were retained in the design to ensure 
compatibility with femoral heads and maintain a stable head-
to-implant interface. Three types of implants were manu-
factured: solid, rhombic meshes, and stems with holes, as 
depicted in Fig. 32. These implants were all tested using the 
same experimental setup, where the distal end of the stem 
was anchored, and a load was applied to the stem neck at a 
rate of 1.27 mm/min, as shown in Fig. 32.

Unfortunately, specific mechanical results such as Yield 
strength, Young’s modulus, and Ultimate Compressive 
strength were not obtained. However, the mechanical behav-
ior of the implants is illustrated in a linear load–displace-
ment relationship graph displayed in Fig. 32. The relative 
load/displacement ratio, compared to the solid stem, was 
quantified as 1.16 for the stem with holes and 2.38 for the 
rhombic dodecahedron stem.

Based on their findings, the authors concluded that the 
non-stochastic mesh structures, particularly the rhombic 
dodecahedron, allowed for the design of a hip stem with a 
lower bend modulus. This, in turn, leads to reduced stress 
shielding and more uniform bone remodeling.

4.9 � Case of study 9

The implants, designed to resemble the outer surface 
dimensions of CoCr stems, were manufactured using EBM 
technology. The rhombic dodecahedron lattice structure 
was implemented in the stems, with customized orien-
tation and size to approximate the modulus of cortical 
bone. Thirteen pairs of femora from skeletally mature 
large-breed dogs were obtained, and radiographic views 
(craniocaudal and mediolateral) were used to estimate the 

mediolateral fit and craniocaudal fit, respectively. The 
stems were then hammered into the femur bones, and the 
positions around the medial aspect of the neck cuts were 
recorded.

To evaluate the mechanical behavior of the samples, 
UHMWPE cups were mounted on the crosshead, and an 
axial preload of 20 N was applied for 30 s. Subsequently, 
the cups were loaded four times at a rate of 0.1 mm/min up 
to 800 N. After that, the samples were preloaded again and 
loaded four times at the same rate up to 1600 N. The experi-
mental setup, depicted in Fig. 33, was similar to the setups 
used in the previous studies (4 and 5), where the femur with 
the implanted stem was cut and embedded in polymethyl-
methacrylate, held at a 10° angle vertically by a custom jig.

The authors found that the lattice samples had a mean 
YM of 995 ± 80 N/mm, while the commercial stems had 
a YM of 1606 ± 240 N/mm. This indicated that the lattice 
samples were approximately 40% less stiff than the com-
mercial ones. Additionally, the subsidence of the lattice stem 
after loading to 1600 N was measured to be 2.6 ± 1.1 mm, 
while the commercial stem subsided by 3.0 ± 1.6 mm (based 
on analysis of 7 pairs of femurs). One commercial sample 
exhibited subsidence of more than 10 mm at a load of 800 
N, while the lattice sample from the opposite limb developed 
a fissure at the medial view of the femoral neck at a load of 
1600 N. Another EBMP sample experienced subsidence of 
more than 10 mm at a load of 1600 N. Due to these fail-
ures, this pair of samples was excluded from the subsidence 
analyses and the analysis of bone surface strains at the 1600 
N load.

Based on their findings, the authors concluded that the 
low-modulus lattice stems did not sustain damage or create 
femoral fissures or fractures during impaction and testing. 
Furthermore, these stems did not experience greater sub-
sidence than the commercial stems during axial loading. 
Therefore, the authors suggest that lattice stems could be 
considered for clinical applications.

Fig. 32   (a) Hip stems with mesh, hole, and solid configuration. (b) Loading of mesh hip stem for flexure testing. (c) Results of bend testing of 
all the samples (image reproduction with permission from reference [250])
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4.10 � Case of study 10

A Stryker implant called Secur-FitTM Max was used as the 
basis for reverse engineering to create a CAD model of a 
femoral stem. Subsequently, a lattice structure was imple-
mented in the CAD model. The modifications involved 
creating a stochastic open-cell structure by hollowing the 
distal tip to form a dense shell with an internal cellular 
structure. Two dense strips were added to join the distal 
shell and the neck region on the medial and lateral planes of 
the stem, leaving openings on the dorsal and ventral planes. 

The remaining volume was filled with the cellular structure. 
These sections are illustrated in Fig. 34.

Using an EOSINT M 280 equipment, one porous and 
one dense femoral stem were manufactured. After the manu-
facturing process, the excess powder was removed using a 
vibrating table and compressed air, and heat treatment was 
conducted to release any residual stresses induced during 
processing. Similar to the previous cases studied, the distal 
section of the femoral stems was potted in an aluminum tube 
using epoxy resin for the experimental setup.

The tests were conducted using an MTS Alliance RF/200 
equipment with a 10 kN load cell and a crosshead speed of 
2 mm/min. To evaluate displacement and strain fields on the 
external surfaces of the femoral stem, a non-contact optical 
strain measurement system called ARAMIS 5 M v6.3 was 
used, along with DIC. Some sample preparations, such as 
applying hot glue, were done to ensure good image acquisi-
tion. For the mechanical testing, the porous stem was loaded 
up to 1.5 kN, while the dense stem was loaded up to 3 kN, 
with increments of 0.5 kN. Three consecutive tests were 
performed at the maximum load with a FOV on the ventral 
side. Subsequently, three consecutive tests were conducted at 
the maximum load with a medial FOV. The load test process 
is depicted in Fig. 34.

The authors concluded that the porous stem exhibited a 
47% reduction in flexural Young’s modulus compared to its 
dense counterpart. While the finite element (FE) model of 
the dense stem showed agreement with the experimental 
results, there was a poor correlation between the porous stem 
model and the experiment. After optimizing the FE model to 
account for the porosity offset, a significant but not complete 
decrease in the discrepancy between the modeling and the 
experiment was observed.

Fig. 33   Representation of the experimental setup and the femoral 
stem produced (image adapted from reference [251])

Fig. 34   (a) Porous stem with dense and porous material regions identification and (b) testing protocol (images reproduction with permission 
from reference [252])
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4.11 � Case of study 11

In pursuit of a femoral implant design commonly used in 
North America, the authors opted for a short stem with a 
single tapered wedge design as their optimal solution. The 
lattice structure utilized the tetrahedron unit cell, which has 
shown promising results in orthopedic applications and bone 
ingrowth. The optimum density distribution determined 
through numerical optimization was applied, resulting in 
a gradient porous microarchitecture within the implant, as 
depicted in Fig. 35.

The architectured samples were manufactured using 
the Renishaw AM250 equipment and underwent thermal 
treatment at 720 °C under argon for 2 h. The mechanical 
integrity of the cell struts was analyzed through CT scan 
images, confirming the absence of breaks or discontinui-
ties among the elements. However, the presence of loose 
powder particles within the cell pores was observed, as 
shown in Fig. 35.

For the experimental evaluation, six fourth-generation 
femurs from Sawbones® were obtained. The femurs were 
resected at 22 cm from the tip of the greater trochanter and 
fixed at 12° flexion and 12° abduction angle by embedding 
them in epoxy resin, following a setup similar to the pre-
vious cases studied (4, 5, 6, and 7). The implants, includ-
ing the solid control stem and the fully porous stems, were 
implanted in the femurs, and radiographs were taken to 
ensure consistent implant positioning, neck offset, and 
length. Subsequently, the femoral heads were loaded up to 
2300 N, and the mechanical response was evaluated.

The mechanical results of the implants, including Yield 
strength, Young’s modulus, Ultimate Compressive strength, 

and others, were not achieved. As shown in Fig. 36, the 
fully porous stem exhibited a 71 ± 14%, 7 ± 7%, and 2 ± 3% 
surface bone loss at Gruen zones 7, 6, and 5, respectively. 
On the other hand, the fully solid stem showed 70 ± 24%, 
25 ± 5%, and 7 ± 10% surface bone loss at the same zones, 
respectively, indicating a significant reduction in strain 
shielding, particularly in Gruen zone 6.

The authors believe that they have identified a reason-
able FEA method for simulating and measuring volumetric 
bone loss. They also demonstrate that a high-strength, fully 
porous femoral stem with tailored mechanical properties 
can be designed and manufactured to reduce potential stress 
shielding in the bone.

4.12 � Case of study 12

The selection of the vintile unit cell for this study was based 
on the authors’ previous research [259], which identified 
it as the most mechanically efficient option among the six 
lattice topologies investigated: cubic, tetrahedron, hexagon, 
octagon, rhombic dodecahedron, and vintile. Notably, the 
vintile lattice exhibited minimal stress concentration, offered 
a high plateau stress lower strain, and boasted a greater num-
ber of bearing struts compared to the alternatives [259]. To 
produce the cellular hip implant, four distinct unit cell sizes 
and porosities were chosen.

A total of 12 cellular hip implants were produced using 
the EOS-M290 equipment, with 400 W Ytterbium fiber laser 
within an argon atmosphere. The manufactured implants are 
depicted in Fig. 37. Similar to the results in the second case 
of study, the resulting structures closely mirrored the CAD 
design, featuring circular beams in the cross-sectional area 

Fig. 35   (a) Optimum relative density distribution of the fully porous 
implant. (b) Generation of lattice microarchitecture from optimal rel-
ative density distribution using a high-strength tetrahedron topology. 

(c) Implant manufacturing via LPFB. (d) Micro-CT assessment of the 
implant lattice in the proximal region (images reproduced with per-
mission from reference [253])
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and spherical cores. While the morphology did not exhibit 
a balling effect within the beams, observations revealed 
the presence of cracks measuring less than 15 µm in length 
and 0.6 µm in width. Additionally, there were bonded par-
ticles on the beam surfaces, which had not fully melted. The 
authors attributed this phenomenon to the partially melted 
metallic powder at the beam boundaries, as the size of the 
powder particles closely matched that of these bonded 
particles.

The mechanical evaluation of the hip cellular implants, 
both from an FEA and experimental perspective, was con-
ducted using the HT-2402 standard computer universal test-
ing machines in accordance with ISO 7206–4 procedures. To 
ensure consistent testing conditions, the hip cellular implants 
were securely positioned within an aluminum cylindrical tube, 
which was subsequently filled with embedding acrylic resin. 
This positioning method mirrors that employed in the fourth 
and fifth cases of the study. The minimum and maximum loads 
were 300 N and 2330 N, respectively, with a 15-Hz frequency. 
Notably, the Ultimate Compressive strength, Yield stress, and 
stiffness exhibited an increase with decreasing pore diameter 
and porosity.

The authors observed congruent outcomes between the 
FEA simulations and the experimental tests. Their findings 
indicated good resistance to normal loads, excellent inter-
connectivity, high porosity, and an elastic modulus close to 
that of bone tissue. Abate et al. [254] believe that the use 
of their optimization technique has the potential to miti-
gate stress shielding by ensuring an uniform distribution of 
stress. Furthermore, the increase in pore size and porosity, 

as identified in their study, is believed to enhance initial 
implant stability and confer inherent flexibility reminiscent 
of natural bone. In conclusion, this additive manufactur-
ing process emerges as a promising solution to produce 
cellular implants with anticipated and reliable mechanical 
performance.

Fig. 36   Surface bone loss meas-
urement obtained from the DIC 
experiment (image reproduced 
with permission from reference 
[253])

Fig. 37   Sample additively manufactured by LPBF with vintile unit 
cell (image adapted from references [254, 259])



4114	 The International Journal of Advanced Manufacturing Technology (2024) 130:4073–4122

5 � Conclusions and future research 
directions

This review highlights the historical context of total hip 
arthroplasty and identifies the persistent need for inno-
vation in the field despite prior advancements. Commer-
cial solutions, including fully porous shells and coatings, 
are explored, along with the transformative potential of 
additive manufacturing. The primary objective was to 
offer insight into the mechanical performance of previ-
ously examined hip implants with cellular structures. The 
findings were organized into case studies, demonstrating 
advancements in durable implant development, although 
the replication of natural bone behavior and reduction of 
bone resorption posed ongoing challenges. The authors 
emphasize the necessity for additional fatigue and bio-
logical tests to improve implant effectiveness. While chal-
lenges persist in replicating natural bone behavior, pro-
gress has been made in creating durable implants.

The integration of cellular structures in hip implants 
presents significant challenges that warrant careful con-
sideration. Ensuring the long-term structural integrity 
and mechanical stability of the implant remains a crucial 
concern, demanding thorough assessment to prevent pre-
mature failure. Attaining optimal osseointegration and 
long-term stability within the host bone poses another 
noteworthy challenge, requiring meticulous control to 
avoid complications like implant loosening and bone 
resorption.

Additionally, the design and manufacturing process 
may encounter limitations, impacting the production of 
tailored cellular structures for customized patient care. 
Striking a balance between design customization, mate-
rial selection, and manufacturing feasibility is pivotal for 
successful implementation. Additionally, investigating 
the biocompatibility and potential immune responses to 
the materials used in cellular structures and implants is 
imperative, underlining the significance of comprehensive 
biocompatibility studies for ensuring patient safety and 
implant success.

Surgeons and trainees will require additional qualifica-
tions to navigate these complex implants, including learn-
ing new surgical procedures and techniques for evaluating 
and collecting patient data. Overall, addressing these chal-
lenges through rigorous research, advanced manufacturing 
techniques, and comprehensive biocompatibility studies is 
crucial to maximize the effectiveness and long-term suc-
cess of cellular structures in hip implants.

Despite the potential complications, Additive Manu-
facturing remains a promising avenue for producing per-
sonalized hip implants with intricate cellular structures. 
With further research and development, this technology 

has the potential to facilitate mass production in a more 
sustainable manner, minimizing material waste. Its role in 
orthopedics is expected to expand significantly, offering a 
path toward more efficient, tailored, and sustainable solu-
tions for patients in need of hip implants. Indeed, additive 
manufacturing represents the future of orthopedic inter-
ventions, demonstrating the possibilities of advanced man-
ufacturing techniques in enhancing patient-specific care.
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