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A B S T R A C T   

Metallic cellular solids, made of biocompatible alloys like titanium, stainless steel, or cobalt-chromium, have 
gained attention for their mechanical strength, reliability, and biocompatibility. These three-dimensional 
structures provide support and aid tissue regeneration in orthopedic implants, cardiovascular stents, and other 
tissue engineering cellular solids. The design and material chemistry of metallic cellular solids play crucial roles 
in their performance: factors such as porosity, pore size, and surface roughness influence nutrient transport, cell 
attachment, and mechanical stability, while their microstructure imparts strength, durability and flexibility. 
Various techniques, including additive manufacturing and conventional fabrication methods, are utilized for 
producing metallic biomedical cellular solids, each offering distinct advantages and drawbacks that must be 
considered for optimal design and manufacturing. The combination of mechanical properties and biocompati
bility makes metallic cellular solids superior to their ceramic and polymeric counterparts in most load bearing 
applications, in particular under cyclic fatigue conditions, and more in general in application that require long 
term reliability. Although challenges remain, such as reducing the production times and the associated costs or 
increasing the array of available materials, metallic cellular solids showed excellent long-term reliability, with 
high survival rates even in long term follow-ups.   

1. Introduction 

A biomedical cellular solid is an artificial three-dimensional frame 
structure that serves as a mimic of extracellular matrix for cell adhesion, 
migration, proliferation, and tissue regeneration in three dimensions. In 
particular, metallic biomedical cellular solids are three-dimensional 
structures that are designed to provide mechanical support and facili
tate tissue regeneration in the body [1]. These cellular solids are used in 
a variety of biomedical applications, including orthopedic implants, 
cardiovascular stents, and tissue engineering [2]. 

Most metallic cellular solids are used in orthopedic surgery to 
improve the fixation of articular implants [3], to provide mechanical 
support [4], to stimulate bone growth and to repair damaged bone [5]. 
They are designed to mimic the structure and mechanical properties of 
bone, while also providing a support structure for new bone growth. 
This can help improve implant integration in the surrounding tissues, 
reduce the risk of implant failure, and promote faster healing [5]. 

Despite being often used as synonyms [6–10]; “scaffolds” are more 
specifically a sub-category of “cellular solids” utilized for the regener
ation or restoration of impaired or absent tissues within the human 
body. These cellular solids serve as frameworks to facilitate cell 
attachment, proliferation, and tissue formation and are typically 
designed to be temporary structures. 

There are several different metallic alloys that can be used in or
thopedic surgery, including titanium [11,12], stainless steel [13,14], 
cobalt-chromium [15,16], tantalum [17,18], zinc [19,20], iron [21,22] 
and magnesium [23,24] alloys. Each of these materials has different 
properties, advantages and limitations, which can make them suitable 
for specific applications that will be discussed more in detail in a 
following paragraph. 

The main factors affecting the performance of metallic cellular solids 
include morphological characteristics, such as porosity and pore size, 
chemo-physical structure and surface properties. Cellular solids can 
allow for better nutrient and oxygen transport, while also providing a 
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larger surface area for cell attachment. However, cellular solids with 
larger pore sizes and overall higher porosity may be weaker and less 
mechanically stable, which can limit their use in load-bearing applica
tions. To control the structure and chemical composition of cellular 
solids can be a complex task, as most metallic cellular solids cannot be 
obtained by conventional machining techniques. For these reasons, for 
each class of metals there is only a limited number of compatible alloys 
that can be used for production and few post-treatments that can be 
applied to improve their microstructure afterwards [25]. 

In addition to these design and material chemistry-related consid
erations, researchers are also exploring new techniques for improving 
bone integration with metallic cellular solids. For example, some studies 
have investigated the use of stem cells or growth factors to promote bone 
regeneration [26], while many others have explored the possibility of 
applying biocompatible coatings [27,28]. 

There are several advantages to using cellular solids in biomedical 
applications, in particular in the field of orthopedic surgery: 

- Tissue regeneration [29]: cellular solids can promote tissue regener
ation by providing a 3D structure for cells to attach to and grow on. 
This can be especially useful in cases where the body’s natural 
healing processes are insufficient, such as in large bone defects; 

- Customization [30]: cellular solids can be customized to fit the spe
cific needs of a patient, allowing for a personalized approach to 
treatment. This can improve the overall effectiveness of the implant 
and reduce the risk of complications;  

- Improved mechanical properties [5]: counter-intuitively, despite 
reducing the effective cross-sectional area the porous structure of 
metallic cellular solids can favorably change some of their mechan
ical properties, in particular reduce the elastic modulus, making it 
closer to that of the surrounding bone tissue thus preventing 
stress-shielding effects;  

- Potential for drug delivery [31]: Metallic cellular solids can be 
designed to incorporate drug delivery mechanisms, allowing for the 
controlled release of drugs to the site of the implant. This can help to 
prevent infection, promote tissue regeneration, and improve the 
overall success of the implant. 

Overall, metallic cellular solids are a promising area of research for 
improving bone integration in orthopedic surgery, where both 
biocompatibility and fatigue resistance are requisites, or more in general 
in application that require components to be reliable and stable over 
time. 

An example of ordered cellular solids based on rhombic dodecahe
dron structural units with pores at the vertices and in the center of the 
solids is presented in Fig. 1. The structures have decreasing pore di
ameters going from left to right, but the size of the structural unit is kept 
constant. 

2. Definitions 

For the purposes of this review, the following definitions apply:  

- Cellular solids: Cellular solids are a class of materials characterized by 
a three-dimensional structure composed of interconnected cells or 
pores within a solid matrix. These cells can have various shapes and 
sizes, and their arrangement can be ordered or stochastic. Cellular 
solids exhibit a combination of properties, such as low density, high 
specific surface area, and unique mechanical behaviors, making 
them suitable for diverse engineering applications, including aero
space, automotive, biomedical, and energy-related fields. The 
porosity and cellular architecture of these materials can be engi
neered to tailor their mechanical, thermal, and acoustic properties 
for specific functional requirements;  

- Foam: the term “foam” is usually associated with stochastic porous 
structures where the pore (and usually also struts) sizes vary locally. 
Most foams are anisotropic, but this is not a prerequisite by defini
tion. For the sake of this review, the term will refer only to bend- 
dominated stochastic structures, as described in section 7; 

- Lattice: in general, the term "lattice" refers to a repeating and inter
connected framework of struts or beams that form the structure of 
the material. The lattice provides a pattern of interconnected pores, 
resulting in a porous material with specific mechanical properties 
determined by the arrangement of the struts. For the sake of this 
review, the term will refer to only ordered, stretch- or bend- 
dominated ordered structures, as described in section 7; 

Fig. 1. Lattice cellular solids based on a rhombic dodecahedron with porosities at the vertex and in the center of the structural units All structures have the same 
structural unit size and increasing pore diameters going from left to right. The rhombic dodecahedron is the dual polyhedron of the cuboctahedron. 

E. Marin                                                                                                                                                                                                                                          



Materials Today Bio 23 (2023) 100777

3

- Ordered structure: an "ordered structure" refers to a regular and pre
dictable arrangement of struts or beams forming a lattice. The or
dered structure exhibits a repetitive pattern that can be precisely 
defined and controlled. This organization contributes to consistent 
mechanical properties and allows for tailored designs with specific 
functionalities in cellular solids;  

- Pores: the term “pores” refers to the empty spaces or cavities within 
the structure of a material, which are surrounded by solid struts or 
walls and are responsible for the morphology of the cellular solid; 

- Pore connectivity: “pore connectivity” refers to the degree of inter
connection between the pores or pores within the material’s struc
ture. It impacts properties like permeability, stiffness, and strength, 
where higher connectivity enhances fluid flow, and overall func
tionality of the cellular material;  

- Porosity: the term “porosity” might refer to either the volume fraction 
of pore spaces or pores within the material’s structure or to the pore 
present inside a singular structural unit. For the sake of clarity, in this 
review the former definition will be used;  

- Scaffolds: scaffolds are cellular solids designed to support and guide 
tissue regeneration and repair. These scaffolds serve as temporary 
templates that mimic the extracellular matrix of the target tissue, 
providing a supportive environment for cell attachment, prolifera
tion, and differentiation. Scaffolds are typically made from biocom
patible and biodegradable materials to avoid adverse reactions 
within the body and facilitate gradual integration with the newly 
formed tissue;  

- Stochastic structure: a "stochastic structure" refers to a random or 
probabilistic arrangement of struts or beams lacks a strict regular 
pattern, leading to a local variability and unpredictability in the 
material’s properties;  

- Structural units: “structural units” refer to the fundamental building 
blocks or basic elements that constitute the overall microstructure of 
the material. They represent the individual cells or pores with the 
surrounding struts that repeat in a regular or semi-regular pattern to 
create the overall material structure. In some cases, cellular solids 
may have a single type of structural unit throughout the material, 
resulting in a homogeneous microstructure. In other cases, they may 
have different types of structural units, leading to a heterogeneous 
microstructure;  

- Struts: struts refer to the slender, beam-like elements that form the 
interconnected framework or lattice structure of the cellular solids;  

- Topology: “topology”, when speaking about cellular solids, refers to 
the arrangement of cells or unit elements within the solid material. 
Topology describes how these cells are connected and arranged in 
the material, which significantly influences its mechanical, thermal, 
and acoustic properties. The topology of cellular solids can be 
engineered to achieve specific performance characteristics, such as 
high strength-to-weight ratio, low thermal conductivity, or excellent 
energy absorption capabilities. 

3. Advantages of metallic cellular solids 

Biomedical cellular solids are used to support the growth of new 
tissue or to replace damaged tissue in the body and thus require 
adequate mechanical properties. Depending on the type of tissue and the 
anatomical location, the strength requisites of biomedical cellular solids 
can vary greatly and in particular for orthopedic applications most 
polymeric cellular solids are not up to the task [32]. Metals used in 
structural biomedical cellular solids, such as Ti6Al4V and CoCrMo, 
possess greater mechanical and overall comparable biocompatibility, 
despite being heavier and more stiff [5]. Ceramic, on the other hand, 
possess superior compressive strength, but are relatively weak at flex
ural loads and not as reliable in cyclic fatigue conditions as they can 
fracture catastrophically because of their brittleness [33]. Moreover, 
ceramic cellular solids production techniques require either reaching 
higher temperatures during production or an additional firing step to 

reach full density and remove binders [34]. 
Fatigue resistance refers to the ability of a material to withstand 

repeated cycles of stress and strain without breaking or degrading. This 
property is particularly important for biomedical cellular solids, which 
must be able to withstand the stresses and strains of daily use within the 
human body without requiring periodic maintenance. The cellular 
solid’s porosities act as stress intensifier, thus causing the mechanical 
collapse of the structure at only a fraction of the ultimate load of the 
dense material [35]. Metals can elastically and plastically deform to 
absorb energy, plus they have a high resistance to fatigue crack propa
gation, meaning that small cracks that develop over time are less likely 
to grow and cause failure of the material. Fatigue resistance in cellular 
solids will be further discussed in a dedicated paragraph. 

There are several different classes of metals that can be used for 
biomedical cellular solids, with titanium alloys being the most common. 
Overall, they can be divided in two main categories:  

- Structural, used in applications that require high mechanical 
strength, in particular load-bearing devices such as in orthopedic 
prosthesis. This category comprises materials such as titanium alloys, 
cobalt alloys, stainless steels and tantalum. Structural biomedical 
cellular solids have been produced for decades, and the follow-up 
showed relatively high survival rates for most materials; 

- Bioresorbable, where the main focus is on bioactivity and the capa
bility to be resorbed by the surrounding tissues over time. Bio
resorbable metals are mechanically weaker than structural alloys 
such as titanium or cobalt-chromium, but maintain sufficient 
strength to support the body throughout the healing process. Mag
nesium and zinc alloys are two examples of this category. Most 
bioresorbable metallic cellular solids are still under development or 
in early stage pre-clinical trials; 

While both "structural" and "bioresorbable" cellular solids serve as 
types mechanical supports during tissue regeneration, there exists a 
significant disparity in their maturity levels, as structural cellular solids 
have been established in the market for decades, whereas bioresorbable 
cellular solids still encounter unresolved challenges that require atten
tion and solutions. 

Fig. 2 summarizes the mechanical strength versus the qualitative 
biocompatibility of the most common classes of metals that are used – or 
could be used – to produce biomedical cellular solids, based on various 

Fig. 2. Mechanical strength versus qualitative biocompatibility for the most 
common classes of metallic biomaterials that are even used commercially or 
studied to produce metallic cellular solids. 
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literature references [36–42]. The biological performance is primarily 
influenced by potential cytotoxicity and ion release, and secondarily by 
the alloys ability to promote osseointegration. Despite stainless steels 
being the stronger and most mechanically reliable class of metallic al
loys, their application to biomedical cellular solids is limited due to the 
lack of proper biocompatibility and the tendency to corrode over time in 
biological environments. Biomedical grade cobalt chromium alloys 
(often written just as CoCr, CrCo or CoCrMo) have lower mechanical 
strength, but their superior resistance to corrosion and wear makes them 
better candidates for biomedical applications, in particular in articula
tions. Despite being heavy and stiff, cobalt alloys proved themselves as 
excellent biomedical cellular solid materials, with positive clinical 
follow-ups of 20 of more years. Titanium and tantalum have comparable 
mechanical properties, but while titanium is used to produce various 
alloys, some of which, like Ti–6Al–4V (Grade 5) have mechanical 
strength comparable with stainless steels, in the biomedical field 
tantalum is mainly applied unalloyed, but the lower mechanical strength 
is balanced by a superior biocompatibility. Both titanium and tantalum 
are biocompatible thanks to the high chemical stability of their outer
most native TiO2 and Ta2O5 oxide layers, more resistant to chemical 
attack than the complex oxides formed on stainless steel. 

Alloys based on magnesium, zinc, and iron are not intended for long- 
term structural applications: they should retain sufficient strength to 
support the body throughout healing and after are able to be resorbed 
via by the body’s tissues. In contrast to titanium, chromium, and 
tantalum alloys, which are designed to be bio-stable (more precisely bio- 
tolerated, as they actually trigger an inflammatory reaction that in the 
end results in the encapsulation of the implant by fibrous tissue [43,44]), 
magnesium-zinc-iron alloys exhibit an high biocompatibility and during 
degradation their ions can actually contribute to the bone healing pro
cesses by stimulating the osteoblast proliferation and differentiation, by 
activating the signaling pathway related to the osteogenesis or by 
improving cell adhesion [45]. 

In Fig. 2 iron-based bioresorbable alloys have a qualitative biocom
patibility index between “good” and “very good”. This is due to their 
slow degradation rate in vivo, which still represent a challenge and a 
potential limitation to their applicability. Additionally, the biocompat
ibility of these alloys didn’t yet reach a full scientific consensus in the 
community. While these problems have still not been fully resolved, 
many studies have been published that propose different approaches to 
the issues [46]. 

The use of metals for biomedical cellular solids offers several ad
vantages on ceramic and polymeric alternatives, in particular under 
cyclic loading conditions. They also exhibit lower elastic moduli than 
their ceramic counterparts and higher resistance to degradation when 
compared to polymers. While ceramics and polymers may also have 
their own unique advantages, metals are often the preferred choice for 
applications that require high strength and durability. 

4. Fatigue resistance in metallic cellular solids 

Cellular solids are particularly susceptible to fatigue failure, because 
of the reduction in resisting area and the stress concentrations promoted 
by the presence of micro-architectures [47,48]. More specifically, fa
tigue of cellular materials depends on cyclic stress intensity range, cell 
size, relative density, presence of imperfections and the fatigue param
eters of the material from which they are made [49–52]. For homoge
neous structural units, the crack propagation in cellular solids can be 
approximated by a modified Paris’ Law [53], but a comprehensive 
detailed model is still lacking and hierarchically organized porous ma
terials can show fatigue resistance results higher than what would be 
normally be expected for their porosity. 

Typically, cellular solids made of high performance metals such as 
titanium and cobalt-chromium are considered to have superior fatigue 
resistance when compared to the same structures obtained from high 
performance ceramics such as alumina or zirconia thanks to their ability 

to absorb energy thorough deformation, in particular under bending 
conditions. 

A method used to increase fatigue resistance in all types of cellular 
solids is the application of hierarchical porosities [54,55]. Hierarchical 
porosities in materials refer to the presence of multiple levels or scales of 
pores within the structure. These hierarchical arrangements can offer 
several advantages, such as deflecting cracks or dissipating energy, but if 
correctly designed hierarchical porosities can also effectively redis
tribute stresses and suppress strain localization, thus improving the fa
tigue resistance of the component. 

Despite their lower biocompatibility when compared to bioceramics, 
metallic cellular solids are commonly used in biomedical applications 
because of their high mechanical reliability due to their intrinsic 
ductility, which promotes energy dissipation and slower crack propa
gation. In ceramics, cracks tend to propagate more rapidly because of 
their brittle nature, which makes cracks of ceramic components more 
unpredictable and harder to detect in advance [56]. Moreover, the lack 
of plastic deformation mechanisms in ceramics limits their ability to 
dissipate energy and arrest crack growth. Some biocompatible ceramic 
materials, like for example zirconia, zirconia toughened alumina and 
silicon nitride, can be engineered to stop (or at least slow down) crack 
propagation, improving their reliability under fatigue conditions. 

Zirconia undergoes a phase transformation from a tetragonal to a 
monoclinic crystal structure under stress [57,58]. When a crack propa
gates through the material, the stress concentration at the crack tip 
triggers the transformation of the surrounding tetragonal grains into 
monoclinic grains. This transformation generates a volume expansion, 
causing a compressive stress field around the crack tip. The compressive 
stress counters the tensile stress associated with the crack, effectively 
stopping crack propagation. This phenomenon is known as trans
formation toughening [59] and significantly enhances zirconia’s frac
ture resistance. Silicon nitride, on the other hand, has a unique 
microstructure, comprising elongated grains with a high aspect ratio 
[60]. When a crack propagates through the material, it encounters these 
elongated grains and grain boundaries. The elongated grains restrict 
crack propagation by deflecting and blunting the crack tip, leading to 
crack bridging. The grain boundaries also provide a barrier for crack 
advancement, enhancing the material’s toughness and crack resistance. 

When designing cellular solids for fatigue-sensitive applications, the 
choice of material becomes crucial, and metallic structures may be 
preferred to ensure longer-lasting and more durable performance. On 
the other hand, for bulk materials subjected to tribological wear [61,62] 
or when biocompatibility is prioritized [63,64], ceramic materials are 
often considered the safer choice. 

5. Production techniques 

There are several techniques used to create metallic cellular solids 
for biomedical applications. These techniques can be broadly catego
rized into conventional and additive manufacturing methods. 

Some of the most common conventional production methods 
include:  

- Casting [65]: casting is a traditional method used to fabricate metallic 
components. In this method, molten metal is poured into a mold and 
allowed to cool and solidify. After solidification, the cellular solid is 
removed from the mold and post-processed to achieve the desired 
shape and size. Casting of a cellular solid requires a template, usually 
made of plastic materials such as polystyrene or polyurethane, and 
the template is lost when the molten metal is poured inside the mold. 
Casting of cellular solids has been mainly used to improve endo
prosthetic fixation [66];  

- Foaming [11]: an array of different techniques can be used to 
generate “bubbles” (or dispersions of secondary phases) in melt and 
semisolid metals, resulting in stochastic closed pore morphologies 
with an overall poor control on structural units size and distribution. 
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Foaming has been tested mainly for bone implants and endopros
thetics fixation [11]; 

- Powder Metallurgy [67]: In this method, metallic powders are com
pacted into a desired shape by the use of space holders and then 
sintered to form a solid structure. The sintering process involves 
heating the compacted powders to a high temperature below the 
melting point of the metal, causing them to fuse together. Space 
holders are particles with different chemical composition that are 
mixed together with metal and act as temporary “voids” within the 
powder mixture. Space holders are generally either burned out 
during sintering (in particular when polymeric) or dissolved after 
sintering (salts), creating a porous cellular solid with the desired 
topography [10]. Powder metallurgy has been mainly used for the 
production of cellular solids for dental and endoprosthetic fixation 
[68], spinal fusion cages [69], cranial implants [70] orthopedic 
screws [71]; 

- Spraying [72]: melt droplets of metals can be assembled into sto
chastic porous cellular solids by using an high energy source, for 
example a plasma torch. This technique is often used just to increase 
the surface roughness of metal implants, but it also can produce 
porous materials by carefully controlling the process parameters. As 
spraying produces a layer of cellular solid material on the top of bulk 
substrate, these techniques have been mainly applied for dental and 
endoprosthetic fixation [3,73];  

- Deposition on a replica [3]: by using chemical vapor deposition or 
other similar technologies on an adequate template, it is possible to 
obtain porous metallic structures. In this case the template is covered 
by metal but not lost during the process. One of such examples is 
trabecular metal from Zimmer Biomet, where using chemical vapor 
deposition metallic tantalum is deposited on a foam of vitreous 
carbon obtained by pyrolysis of polyurethane [74]. These processes 
have been used to produce cellular solids for spinal fusion cages [75], 
endoprosthetic fixation [76], bone scaffolds [77] and dental implant 
abutments [78]. 

Additively manufacturing methods include:  

- SLM, Selective Laser Melting [79]: also known as Direct Metal Printing 
(DMP) and Laser Powder Bed Fusion (LPBF), is the most common and 
mature powder bed fusion technology for the additive 
manufacturing of metal parts. In SLM a high powdered laser is used 
to locally fuse layers of metal powders, with extremely high spatial 
resolution. The process then proceeds layer-by-layer. Biomedical 
metallic cellular solids obtained by SLM include bone implants [80], 
endoprosthetic fixation [81], orthopedic screws [82], dental implant 
abutments [83] and cranial implants [84];  

- EBM, Electron Beam Melting [85,86]: electron beam melting is a 
powder bed fusion method that uses a high-energy electron beam to 
melt and fuse metallic powders together, creating a solid cellular 
solid structure. EBM can produce highly complex geometries and 
intricate structures with high precision and accuracy, making it 
suitable for the fabrication of customized cellular solids. EBM is less 
precise than SLM as the spot size is larger, but it also results in lesser 
internal stresses and overall better fatigue resistance. During pro
cessing the material is in vacuum, strongly reducing the risk for 
contamination and, in the case of titanium alloys, preventing the 
formation of the mechanically weaker sub-superficial layer known as 
“alpha case”. EBM cellular solids have been applied in dental implant 
abutments [87], bone implants [88] and endoprosthetic fixation 
[85];  

- DED, Directed Energy Deposition [89]: in directed energy deposition 
the energy source (either a laser or an electron beam) is used to melt 
and fuse metal wire or powder that is directly fed into the melt pool. 
When compared to powder bed fusion methods, DED is usually faster 
and cheaper, but less precise and for this reason DED is mainly 
applied for the production of larger parts that require lower 

resolution. Cellular solids obtained by DED are mainly used to 
improve endoprosthetic fixation [90];  

- Binder jetting [91]: in binder jetting a binder material is selectively 
deposited onto a layer of powder using inkjet print heads. The binder 
then solidifies and bonds the powder particles together. After the 
printing is complete, the part is sintered, leaving behind a final 
additively manufactured metallic object. Binder jetting has been 
mainly tested for bone implants [92] and dental implants abutments 
[93];  

- Robocasting [94]: also known as direct ink writing, is an advanced 
additive manufacturing technique used to fabricate complex 
three-dimensional structures with precise control over their archi
tecture. The process involves the deposition of a printable material, 
often referred to as a bioink, through a computer-controlled robotic 
arm equipped with a dispensing nozzle or a syringe. The robotic arm 
follows a predetermined pattern to extrude the material layer by 
layer, progressively building the desired 3D structure. Robocasting 
showed great potential for biomedical applications, in particular for 
bone implants [94]. 

Additive manufacturing methods based on powder beds, such as SLM 
and EBM, can enable production of more complex open 3D lattice 
structures than other methods and without the need for additional 
support structures as the powder bed itself acts as a support for the part 
during manufacture. 

A qualitative comparison of the different production techniques for 
what concerns typical production time and spatial resolution, is pre
sented in Fig. 3. Casting can be used as a reference, as it consists of 
various common techniques that can reach a broad range of resolution 
and can produce pieces in a matter of minutes or hours, mainly 
depending on the size. Foaming techniques are somehow similar to 
casting, with the difference that gas bubbles (or other phases) are 
introduced into the molten metal in order to produce the porosities. As 
the process is more complex, pieces produced with these techniques are 
usually smaller and require less time to be produced. The accuracy is 
also relatively low. Thermal spraying techniques occupy a similar area 
of the graph, but for different reasons. The growth of the sprayed layer is 
relatively slow, and the accuracy is usually very poor. Still, thermal 
spraying is used to produce porous coatings on biomedical components 
so the production process only takes a few hours. Binder jetting has 
comparable characteristics, but unlike spraying it is used to produce 
larger volumes at a time. Powder metallurgy occupies the central area of 
the graph, as it is usually slower than most of the techniques described so 
far, but not as slow as metal additive manufacturing technologies. It can 
be used to produce components within a wide range of spatial 

Fig. 3. Qualitative comparison of typical printing time and spatial resolution 
for techniques that can be used to produce metallic cellular solids. 
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resolution, depending on the methods used. SLS, EBM and DED are all 
time-consuming production technologies which can be used to obtain 
cellular solids with intermediate spatial resolution. 

6. Topological and morphological control of cellular solids 

"Topological control " refers to the deliberate and systematic 
manipulation of the structure and arrangement of structural units within 
a solid matrix to achieve specific desired properties and functionalities. 
In other words, it is the intentional design and control of the geometric 
configuration and connectivity of the pores in cellular solids. 

By controlling the topology of cellular solids, mechanical, thermal, 
acoustic and biological properties can be tailored on the application. The 
topology can be modified through adjusting parameters like pore size, 
shape, distribution, and connectivity, as well as altering the overall ar
chitecture, such as lattice designs and foam structures. 

Topological control is particularly important in biomaterials science 
and engineering, as it allows for the creation of advanced materials with 
optimized mechanical strength, stiffness, energy absorption and 
biocompatibility. 

In cellular solids we can identify structures on three different scales, 
going from the surface roughness and micro-roughness that can be 
observed on the metallic struts, to the shape of the singular structural 
unit and ultimately the overall design of the cellular solid, based on the 
interconnection between different structural units. 

6.1. The role of surface roughness/micro-roughness in bone ingrowth 

When compared to conventional machining techniques, most metal 
cellular solids production methods result in a relatively high surface 
roughness. Such irregular morphologies, which would be considered 
excessively rough in most industrial products, play an important role in 
cell adhesion and bone ingrowth and are without a doubt one of the most 
important morphological features when it comes to metallic cellular 
solids’ clinical success. 

Perfectly smooth surfaces lack micro and nano-scale features that 
cells can use to attach themselves, slowing down both adhesion and 
colonization [95,96]. The pores of the structural units used in biomed
ical cellular solids (200–600 μm) are usually sensibly larger than single 
osteoblasts (5–15 μm), so cells can easily slip through the porosities 
between the struts without mechanical interference. An otherwise 
optimized biomedical cellular solid would not be easily bio-integrated if 
its surface was perfectly smooth, as cells would not be able to efficiently 
use their cytoplasmic extensions to attach to the surface of the material. 
Cell adhesion is the first step in colonization and colonization eventually 
leads to tissue ingrowth and ultimately osseointegration, but rough 
metal surfaces are already capable of promoting cell adhesion, coloni
zation and even osseointegration on bulk components and not just on 
cellular solids. 

Optimal ranges for surface roughness have been previously reported 
in literature multiple times. Most sources seem to agree that an average 
roughness in the range of microns is adequate for osseointegration, but 
values differ depending on the material, the morphology of the surface 
and the type of cell, while studies performed on materials other than 
titanium alloys are relatively scarce. For sanded titanium treated and 
osteoblast cells, for example, cell adhesion was reported to peak at Ra 
between 0.15 and 0.33 μm [95]. 

6.2. The role of structural units in bone ingrowth 

What defines cellular solids is the presence of matrices of structural 
units containing one or more “pores”. Structural units vary greatly in 
shape and complexity, making comprehensive reviews an impossible 
task. Still, some general information on the most common unit designs 
and their mechanical properties has been previously summarized in 
literature [51]. 

For each type of structural unit, two parameters are usually sufficient 
to roughly estimate both the mechanical and the biological properties: 
the diameter of the struts (or, alternatively, the thickness of the sheets 
for triply periodical minimal surfaces) and the pore radius. While the 
stud diameter and the sheet thickness can be measured directly, if the 
pores in the cellular solid are not spherical, which is often the case in 
real-world structures, defining the pore radius becomes more complex. 
In such scenarios, the pore shape can vary, and simple measurements 
like diameter may not be sufficient. Several approaches can be used to 
estimate the value, one of which is the use of the covering spheres. In 
this approach, each non-spherical pore is approximated with a set of 
tangent spheres, known as covering spheres, which enclose the pores 
while maintaining contact with their surfaces. 

In general, a pore radius of 100–500 μm has been shown to be 
optimal for promoting bone ingrowth in metallic cellular solids [97–99], 
but both smaller and larger pores have also shown the capability to 
promote bone ingrowth in vivo, either in animal models [100] or humans 
[101]. Cellular solids with pores in this range provide a large surface 
area for cell attachment and proliferation, which can facilitate the for
mation of new bone tissue. Second, pores within this range allow for the 
diffusion of nutrients and waste products, which is essential for pro
moting cell survival and proliferation. Third, they are large enough to 
accommodate the migration of bone cells and support the ingrowth of 
one or more fully functional Haversian systems, which constitute the 
basic unit of structure to compact bone tissue and usually have a 
diameter between 100 and 200 μm [102]. 

Another pore-related parameter is the so called “accessible pore 
radius”, defined as the largest sphere radius that can invade from the 
cellular solid’s edge into that particular pore within the cellular solid. It 
has been demonstrated that bone ingrowth into pore exhibits a strong 
correlation to the accessible pore radius [103], and pores with an 
accessible radius smaller than 100 μm have shown poor – if any – bone 
ingrowth [103–105]. For ordered structures, the accessible pore radius 
is constant over the whole structure and is controlled by the pore radius 
of a single structural unit and the thickness of the struts, but for sto
chastic or gradient distributions the values can vary greatly within the 
structure. 

The size of the cells involved in adhesion is also an essential factor to 
consider. The stud diameter should be compatible to facilitate effective 
attachment and spreading. If the stud diameter is too small compared to 
the cell size, it may limit the area available for adhesion, potentially 
leading to weak and unstable attachments. Larger stud diameters also 
generally provide more surface area for cell adhesion. This increased 
surface area allows for more cells to attach, which can enhance cell 
adhesion strength and promote the formation of a stable cell layer on the 
cellular solid. In most cellular solids on market, the diameter of the 
struts is in the same order of magnitude of the pore radius [85,101,106, 
107]. 

Apart from pore and struts sizes [108], the overall structural unit 
shape also has an effect on both mechanical and biological properties 
[109]. In particular, depending on the arrangement of the struts, the 
mechanical response of the structure can shift from stretch-dominated to 
bend-dominated (confront section 7 for a detailed description of the two 
types of structures), drastically affecting elastic modulus, ultimate 
strength and fatigue resistance [110–112]. Moreover, mechanical 
strength grows with the number of struts connecting to a single junction 
and depending on the connection angle the struts can be subject to more 
intense shear stresses, resulting in a lower mechanical strength and a 
lower elastic modulus [113–115]. Similar considerations apply in the 
case of triply periodical minimal surfaces, where junctions are techni
cally absent, but mechanical strength is influenced by the surface’s 
orientation [116]. 

The shape of the structural units also affect how the cells react to the 
presence of the cellular solid. The number of struts for unit is approxi
mately proportional to the surface area exposed to the biological envi
ronment and thus affects how many cells can adhere and colonize the 
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surface. This is particularly important for osseointegration, and it is one 
of the major advantages that cellular solids have on bulk materials with 
“rough” surfaces. On the other hand, not all shapes are equally easy to 
adhere to and colonize from the cell point of view: sharp edges that 
create narrow gaps and crevices are colonized more slowly when 
compared to round fillets [117–119]. 

6.3. Overall porosity optimization for bone ingrowth 

The ideal porosity of metallic biomedical cellular solids can vary 
greatly depending on the specific application and the material used. In 
general, however, porous metallic cellular solids with porosities ranging 
from 50% to 90% have been shown to promote fast bone ingrowth and 
integration [120]. 

However, the ideal porosity of a metallic cellular solid also depends 
on the material used and the mechanical requirements of the implant. 
For example, highly porous cellular solids may be weaker and less me
chanically stable, which can limit their use in load-bearing applications 
[120]. On the other hand, cellular solids with lower porosities may be 
more mechanically stable, but may not provide the necessary surface 
area for cell attachment and tissue ingrowth. 

Therefore, the ideal porosity of a metallic cellular solid for bone 
integration is often a balance between mechanical stability and bone 
ingrowth. In general, cellular solids with porosities between 60% and 
80% have been shown to provide a good compromise between me
chanical stability and bone ingrowth [14,121,122]. However, the spe
cific porosity and pore size greatly vary depending on the application 
and the material used, and usually require further optimization through 
experimental testing and analysis. 

In load bearing applications, the relationship between cellular solid 
porosity and fatigue resistance can be particularly complex and depend 
on several factors, including the materials used, the pore size and 
topographical distribution, and the mechanical loading conditions. 

In general, highly porous cellular solids, in particular when large 
pores are present, may have reduced fatigue resistance due to stress 
concentration effects and the reduced cross-sectional area of the mate
rial. The larger pores in these cellular solids can act as stress risers and 
can initiate cracks or defects in the material under cyclic loading con
ditions [123]. Additionally, the reduced cross-sectional area of the 
material can result in lower mechanical strength and stiffness, which can 
further decrease the cellular solid’s fatigue resistance [124]. 

On the other hand, cellular solids with lower porosities may have 
improved fatigue resistance due to their higher mechanical strength and 
stiffness, as they are less susceptible to stress concentration effects and 
may have a more homogeneous distribution of the mechanical load even 
under cyclic loading conditions. This is in particular true for ordered 
porosities, where mechanical resistance is dependent on the orientation 
[125]. 

It is important to note that the correlation between cellular solid 
porosity and fatigue resistance is not always straightforward, in partic
ular in vivo where mechanical loading conditions are more complex, 
time dependent and overall unpredictable. 

7. Stretch-dominated and bend-dominated cellular solids 

To understand the mechanical behavior of cellular solids it is 
necessary to distinguish between stretch-dominated and bend- 
dominated structures. The mechanical properties of these cellular 
solids are primarily determined by the architecture and connectivity of 
the cells [126]. 

A stretch-dominated cellular solid refers to a structure where the 
load-bearing struts or beams mainly experience axial or tensile forces 
when subjected to mechanical stress. In such structures, the load is 
efficiently transferred along the length of the struts, resulting in high 
stiffness and strength relative to its mass. These stretch-dominated 
cellular solids can withstand substantial loads without significant 

deformation. 
A bend-dominated cellular solid, on the other hand, is a structure 

where the load-bearing elements experience bending stresses rather 
than primarily axial stresses. When mechanical stress is applied, the 
struts or beams of these structures tend to flex or bend. Although bend- 
dominated cellular solids are less stiff and strong compared to stretch- 
dominated ones, they exhibit higher compliance and can efficiently 
absorb energy during compression or impact. 

The interdependence of properties, structure, and performance in 
cellular solids has driven the development of diverse structures, 
including stochastic or non-ordered foams and periodic or ordered lat
tices, each possessing customizable properties to suit various applica
tions. A prevalent challenge in designing and developing cellular solids, 
particularly for load-bearing applications, lies in balancing specific 
strength and energy absorption properties, often leading to trade-offs 
between these key attributes [127]. 

The stochastic cellular configuration present in foams leads to 
bending-dominated deformation of the ligaments, causing a swift 
reduction in both strength and stiffness with increasing porosity. 
Conversely, specific ordered lattice-type cellular configurations can 
exhibit nearly ideal stretch-dominated properties, yielding materials 
wherein strength and stiffness scale linearly with the solid volume 
fraction of the material [128]. 

The structure of a metallic biomedical cellular solid can significantly 
affect its mechanical properties, biocompatibility, and potential for tis
sue regeneration. There are three main possible design approaches: to 
use a ordered design, such as in lattice structures [129], a stochastic 
design, such as in foam structures [130], or a mix of the two. 

Ordered structures offer several technological advantages, including:  

- Predictable mechanical properties [131]: The ordered structure of 
the cellular solid allows for more predictable mechanical properties, 
such as stiffness and strength, which can be important for 
load-bearing applications;  

- Enhanced cell proliferation and migration [129]: The ordered 
structure can provide directional guidance to cells, enhancing their 
proliferation and migration into the cellular solid. 

However, there are also some disadvantages to using a ordered 
structure for a metallic cellular solid, including:  

- Limited adaptability: The ordered structure of the cellular solid may 
limit its ability to conform to irregularly shaped defects or match the 
complex structure of surrounding tissues. When cut in specific di
rections, ordered structures can be locally weaker because of the 
reduction in effective cross-section. This effect can be prevented by 
carefully designing the edges of the implant;  

- Increased risk of stress shielding as a function of orientation: ordered 
structures can lead to stress shielding as they usually have higher 
mechanical strength and stiffness when oriented in specific di
rections. This effect can be prevented by carefully modeling the 
cellular solid so that even the stiffest orientation has an adequate 
elastic modulus. 

In contrast, a stochastic structure refers to a cellular solid with a less- 
defined and disorganized pattern of pores, typically with a varied shape, 
size, and spacing. Stochastic structures increase adaptability and reduce 
risk of stress shielding, but have two major drawbacks:  

- Less predictable mechanical properties [132]: as the topographic 
orientation and the local density regulate the mechanical response, 
completely stochastic structures can lead to less predictable macro
scopic and/or local mechanical properties, making it more chal
lenging to design cellular solids for load-bearing applications. For 
example, a portion of the cellular solid with larger, more numerous 
or more aligned porosities will inevitably have a lower mechanical 

E. Marin                                                                                                                                                                                                                                          



Materials Today Bio 23 (2023) 100777

8

resistance, at least along one specific loading direction, when 
compared to the average of the whole structure. In ordered cellular 
solids these “weak areas” can be predicted and modeled in advanced;  

- Variable cell proliferation and migration [133]: stochastic structures 
can reduce the directional guidance for cells, potentially leading to 
different cell proliferation and migration into the cellular solid, 
depending on the size of the structural units at that location. For 
example, uniform porosities will have consistent and predictable 
biological properties, such as rate of tissue ingrowth, which will 
greatly vary locally in completely stochastic structures. 

In most stochastic porous structures, such as sponges [134], the 
average structural unit diameter and distribution are more or less 
consistent between different specimen, but mechanical properties 
greatly vary, locally. This unpredictable behavior makes purely sto
chastic topographies less reliable than ordered ones, in particular when 
applied in load bearing applications, but depending on the technology 
and the process parameters, the average pore size and its distribution 
can be controlled in order to match a specific requirement, to a certain 
extent. 

Recently, computer modeling techniques were used to produce 
“hybrid” porous structures, where despite porosities being casual in both 
size and position, they are constrained by boundaries conditions that 
greatly limit their variability, thus improving reliability [135–137]. 
When additive manufacturing technologies are utilized, the topography 
can be intentionally randomized at the design stage by incorporating 
stochastic seed generation techniques, meaning that their mechanical 
response can be modeled by altering the boundary conditions [138]. 

Structural gradients also play a crucial role in tailoring the me
chanical properties of cellular solids, whether they possess stochastic or 
ordered structures. In both cases, the controlled variation of certain 
design parameters allows for the precise modulation of cellular solid 
properties to suit specific tissue engineering applications and provide 
more mechanical support where necessary. A lower porosity in the core 
of the cellular solid can provide mechanical stability and support to the 
overall structure. This allows the cellular solid to maintain its structural 
integrity during the tissue healing process, while the higher porosity on 
the outer surface facilitate cell adhesion and proliferation, as well as the 
ingress of nutrients from the surrounding environment [139,140]. 

In summary, the choice of ordered or stochastic structure for a 
metallic biomedical cellular solid depends on the specific application 
and requirements. From the mechanical point of view, an ordered 
structure may be more suitable for applications where the loading dis
tribution is simple and well known, so that it can be matched with the 
strongest structural orientation. A stochastic structure, on the other 
hand, will be more suitable for regions where the loading distribution is 
unknown, or multi-directional. From the biological point of view, or
dered structures are more suitable for applications in which a directional 
cell growth is preferable, while stochastic structures will more likely 
result in an isotropic growth. It is essential to carefully consider the 
advantages and disadvantages of each approach and select the most 
appropriate structure for the intended application. 

8. Clinical applications of metallic cellular solids 

Metallic cellular solids have a wide range of clinical applications in 
bone tissue engineering and orthopedic surgery, in particular:  

- Bone fillers for bone defects [5,141,142]: Metallic cellular solids can be 
used to treat bone defects resulting from trauma, tumors, or degen
erative diseases. In this context, the cellular solids serve as a tem
porary or permanent support structure for the damaged or missing 
bone tissue, providing mechanical reinforcement to an otherwise 
weakened area and facilitating the ingrowth of new bone tissue from 
the healthy surrounding areas. Depending on the anatomical loca
tion and the size of the defect, bone substitute cellular solids might 

require not just opportunely designed porosities to stimulate bone 
ingrowth, but also high mechanical strength and fatigue resistance, 
which are difficult to achieve when using polymeric or ceramic 
cellular solids, as they either lack mechanical strength or fatigue 
resistance. Bone substitute cellular solids are usually highly porous, 
and their elastic modulus can reach values comparable to those of the 
surrounding bone [85,86], thus preventing stress-shielding effects 
even for weakened tissues as in presence of osteoporosis. Typically, 
the modulus of human trabecular bone ranges between 10 and 3000 
MPa while titanium alloys range from 55 to 114 GPa and magnesium 
alloys between 40 and 60 GPa. Cellular solids, on the other hand, can 
reach elastic moduli in the range of few GPa [44,45], and results as 
low as 2.87 GPa have been reported for titanium [143];  

- Spinal cage implants [5,144,145]: spinal fusion is a surgical procedure 
used to treat a range of spinal conditions, including degenerative disc 
disease, spinal fractures, and spinal deformities. The goal of spinal 
fusion is to stabilize the spine and promote fusion of the two verte
brae, reducing pain and restoring function. As for bone defects, 
metallic cellular solids can be used in spinal fusion surgery as a 
support structure for new bone growth, but spinal fusion devices are 
usually not completely porous, containing pores only close to the 
surfaces in contact with bone, as they only require a stable bonding 
with the surface of the two vertebras. Moreover, unlike bone filling 
cellular solids, spinal devices are constantly under high mechanical 
stress in fatigue conditions that could be detrimental for completely 
porous components. Another peculiarity of spinal fusion devices is 
that they connect compact bone which, when compared to spongy 
bone, has less strict requisites for the elastic modulus in order to 
prevent stress shielding effects. Still, excessively “stiff” cages can 
cause the fracture of the adjacent vertebrae, so a relatively low 
elastic modulus is recommended in medical practice [146]. Both 
ceramic and polymeric spinal fusion devices are available on the 
market, but metallic components are considered the most mechani
cally reliable. Ultimately, it is up to the surgeon to determine the best 
material for each individual case depending on anatomical location, 
surgical procedure and patient’s health status;  

- Porous coatings for joint replacement [147–149]: Joint replacement 
surgery is a common procedure used to treat severe joint pain and 
disability caused by degenerative joint diseases such as osteoar
thritis, rheumatoid arthritis, or trauma. During joint replacement 
surgery, the damaged joint is removed and replaced with an artificial 
joint made from various materials, including metallic cellular solids. 
Artificial joints can be roughly divided in three parts: there is the 
articulating region in the center, where two components made with 
high wear resistance materials are sliding one against the other 
(alumina, zirconia, zirconia toughened alumina, cobalt chrome and 
ultra-high molecular weight polyethylene), and two bone interfaces 
at the sides that provide mechanical support and stability while also 
binding with the surrounding bone tissue. Similarly to spinal fusion 
devices, artificial joints don’t need a complete bone ingrowth, but 
only fixation, so the cellular solids with a total thickness of up to a 
few millimeters are applied as the outermost layer of the implant. 
Still, unlike spinal fusion devices, they are mainly in contact with 
spongy bone, so they require an adequate elastic modulus in order to 
prevent stress shielding. Metallic cellular solids made of cobalt 
chrome, tantalum or titanium are among the most common choices 
for this application; 

- Support structures for maxillofacial reconstruction [150–152]: Maxil
lofacial reconstruction is a surgical procedure that restores form and 
function to the head, neck, and facial region, often following trauma 
or cancer treatment. Metallic cellular solids can be used in maxillo
facial reconstruction as a support structure for bone regeneration and 
to restore normal facial contours and function. While the basic 
principles of metallic cellular solid design and fabrication for 
maxillofacial reconstruction are similar to those for bone defects, 
there are several key differences. One major difference is the 
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complex geometry of the facial bones and the need to restore the 
normal contours and appearance of the face, which requires a high 
degree of precision and customization in cellular solid design and 
fabrication. Another key difference is the importance of soft tissue 
support and reconstruction in maxillofacial surgery. In addition to 
providing support for bone regeneration, metallic cellular solids used 
in maxillofacial reconstruction must also be designed to support soft 
tissue regeneration and maintain the integrity of the facial features. 
This requires careful consideration of factors such as pore size, pore 
shape, and cellular solids surface characteristics to promote soft 
tissue attachment and integration;  

- Dental implants [153–155]: Dental implant surgery involves placing 
artificial tooth roots into the jawbone to support dental prostheses, 
such as crowns or dentures, and restore missing teeth. Metallic 
cellular solids used in dental implants are typically made from 
biocompatible materials such as titanium or its alloys, which have 
excellent mechanical properties and a low risk of implant rejection. 
Just like in artificial joints, the metallic cellular solid is designed to 
provide a stable support structure for the dental implant, which is 
typically a small titanium post that is surgically implanted into the 
jawbone. The cellular solid is often coated with a layer of hydroxy
apatite or other bone-forming materials to promote bone growth and 
enhance implant integration. One advantage of metallic cellular 
solids for dental implants is their ability to withstand the mechanical 
stresses of chewing and biting, which can be significant in the 
jawbone;  

- Osteoporosis treatment [156–158]: Metallic cellular solids have been 
proposed as a potential treatment for osteoporosis, as they can pro
vide mechanical support and enhance bone regeneration. Despite the 
obvious similarities, the major difference between metallic cellular 
solids for osteoporosis treatment and those used for bone defects is 
the design of the cellular solid. In the case of osteoporosis treatment, 
the cellular solid is designed to provide mechanical support to the 
weakened bone, in order to reduce the risk of fractures, more than 
promote the regeneration of new bone tissue, so the two key prop
erties of biomedical metallic cellular solids bare a different weight in 
the treatment of osteoporosis than they do in the treatment of bone 
defects. Osteoporotic bone is slow to regenerate and brittle, so the 
newly formed bone tissue is not expected to regenerate completely to 
the point to be able to sustain the same mechanical load of the 
original, healthy tissue. Just as a walking cane, the metallic cellular 
solids will compensate for the lack of strength. 

9. Surface treatment of biomedical metallic cellular solids 

When compared to ceramics, and organic substances, metals usually 
considered to be bio-tolerated more than bio-active. Surface treatments 
can be applied to metallic alloys to further improve their bioactivity, but 
not all conventional treatments are suitable for metallic cellular solids, 
as their surface is complex and internal areas can be hard to reach for 
most coating technologies. 

Some of the most common solutions are:  

- Application of bioactive coatings [159–161]: One of the most common 
and effective surface treatments to increase bioactivity is to use a 
more bioactive material to produce a coating on the surface of the 
cellular solid. In the field of orthopedics, the most common materials 
for such applications are hydroxyapatite (HA), calcium phosphates, 
or bioglass. These materials have been shown to improve the bio
logical response of metallic cellular solids by promoting cell 
attachment, proliferation, and differentiation. In addition, the use of 
bioactive coatings can enhance cellular solid integration with the 
surrounding tissue, leading to better overall performance. Only a 
limited numbers of techniques are currently available to coat cellular 
solids with bioactive materials, including physical vapor deposition 
[162,163], plasma spray [164,165], atomic layer deposition [166, 

167], sol-gel processes [168,169] and electrochemical methods 
[170,171] Biocompatibility is mainly regulated at a surface level, so 
the contribution of these treatments to the overall bioactivity of 
metals is independent on the morphology of the cellular solid. 
Nevertheless, cellular solids with narrow access points can be diffi
cult to coat completely using some of these methods, plasma spray in 
particular, and might require the use of techniques with greater 
penetration capability, such as Atomic Layer Deposition (ALD) 
[172]. ALD has two advantages over other techniques: reactants are 
in gaseous form, meaning that they can reach any point of the 
cellular solid, and the deposition is surface controlled, meaning that 
all the surface will be uniformly coated by one molecular layer at a 
time; 

- Anodization of the base material [173–175]: anodization is conven
tionally considered a coating technology, as it results in the forma
tion of a coating with different chemical composition on the 
substrate material. On the other hand, it is also quite different from 
other coating technologies, as it involves subjecting the material to 
an electrochemical process in an electrolyte solution which, unlike 
the techniques listed in the previous paragraph, uses the substrate 
itself as one of the constituents. This creates a controlled oxide layer 
on the surface of the cellular structure, enhancing biocompatibility 
by promoting osseointegration and reducing the risk of inflamma
tion, making it suitable for medical implants and tissue engineering 
applications. Despite being technically applicable also to other 
biocompatible metals such as zirconium and tantalium, anodization 
has been prevalently applied to titanium alloys. By controlling the 
composition of the bath, specific ions can also be introduced in the 
oxide layer to further improve biocompatibility. Due to their 
topography, anodizing cellular solids is a challenging task, as the 
electric field cannot be properly controlled;  

- Use of physisorption and chemisorption processes [176–178]: Growth 
factors or other biomolecules can be immobilized on the cellular 
solids surface to promote cell attachment, proliferation, and differ
entiation. This can be achieved through covalent bonding or physical 
adsorption, and can improve the biological response of the cellular 
solid in hundreds of different ways. Such treatments are so different 
in nature, chemical composition and application that will not be 
discussed in detail in this review, but the key concept is that the high 
surface area-to-volume ratio of metallic cellular solids makes them 
ideal substrates for such a functionalization;  

- Increase the surface roughness [179–181]: A “roughened” surface can 
have micro and nano-scale features, such as porosities, spikes, and 
ridges, which can promote the adhesion and proliferation of cells and 
enhance the deposition of calcium and phosphorous ions. These 
surface features can also create topographical cues that can guide the 
behavior of cells and promote their differentiation into bone-forming 
cells. The “roughening effect”, in cellular solids, is usually limited to 
the morphology of the struts and surfaces, and it doesn’t lead to al
terations in the shape and dimension of the structural units. These 
processes are usually limited to is usually obtained either plasma 
etching [182,183] or acid etching [184–186], and each of the tech
niques offers advantages and limitations. Acid etching is a chemical 
process that involves applying an acid or acidic solution to the ma
terial’s surface, which selectively removes or dissolves a thin layer of 
material or one (or more) phases. This results in a change in the 
surface texture, leading to an increase in surface roughness. In 
powder based additive manufacturing processes the acid treatment 
may also reduce surface roughness inherent to these processes and 
assist to remove poorly bound powder particles [185]. Achieving 
consistent and uniform etching across a large and complex area, such 
as in the case of cellular solids, can be challenging: variations in acid 
concentration, temperature, and etching time can lead to uneven 
surface textures. If not properly controlled, aggressive etching can 
lead to surface damage, such as over-etching, pitting, or loss of 
structural integrity. Plasma etching on the other hand is a process 
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that involves using ionized gases (plasma) to selectively remove 
material from a surface. The positively charged ions in the plasma 
are accelerated by the electrical field and directed toward the metal 
surface. Upon collision, the high-energy ions cause the metal atoms 
to become dislodged from the surface in a process known as sput
tering. The sputtered metal atoms are then ejected from the surface. 
As the metal atoms are sputtered away, surface irregularities and 
microstructures are gradually exposed. The continuous ion 
bombardment leads to the formation of pits, grooves, and surface 
defects. Plasma etching takes longer and is more expensive than acid 
etching, but involves lower risks of surface contamination and can be 
controlled more easily, in particular over time. 

10. Clinical outcomes of metallic cellular solids 

The clinical outcomes of metallic cellular solids for bone regenera
tion and tissue engineering have been generally positive, with many 
studies reporting successful integration of the cellular solid with the 
surrounding tissue and satisfactory functional outcomes. However, the 
expected life of different metallic cellular solid materials and their 
failure rates can vary depending on several factors, including the specific 
application, the patient’s condition, the surgical technique, and the type 
of cellular solid material used. 

Titanium and its alloys are among the most commonly used metallic 
materials for bone cellular solids due to their excellent biocompatibility, 
mechanical strength, and corrosion resistance. The expected life of ti
tanium cellular solids is generally long, with studies reporting successful 
outcomes and stable implants for over 10 years [187–189]. The failure 
rate of titanium cellular solids is also relatively low, with reported 
failure rates ranging from 1 to 5% [172,190]. New bone tissue can form 
on titanium cellular solids after just a couple of weeks [191] and bone 
ingrowth can be reached after a few months [192]. Spinal cages coated 
with titanium cellular solids can result in fusion after about 6 months 
from the application [193]. Clinical outcomes for 30 published research 
papers [188,172,190,194–221] as a function of follow-up year are listed 
in Fig. 4. As titanium cellular solids have been on the market for a long 
time, we also have follow-ups of 20 years or more, showing a sharp 
decrease in survival rates. It must be noted that those follow-ups were 
based on technological solutions that are likely not on the market 
anymore, while modern cellular solids are supposed to be able to outlast 
those of previous generations both from the point of view of mechanical 

strength and biocompatibility. 
Stainless steel could potentially be used to produced biomedical 

metallic cellular solids due to its low cost and high mechanical strength 
[222]. It has, however, lower biocompatibility than titanium and is 
more prone to corrosion in the aggressive biological environment, which 
can lead to premature implant failure. It is also stiffer, which makes 
stainless steel cellular solids more prone to stress shielding when 
compared to titanium alloys [223]. The expected life of stainless steel 
cellular solids is shorter than titanium, but very few tests were con
ducted in vivo, often limited to animal models and coated in order to 
improve biocompatibility [224–226]. Despite being available for almost 
one century, just a few follow ups can be found in literature for porous 
stainless steel cellular solids, which are usually intended for very specific 
applications or based on animal models [227–230]. 

Cobalt-chromium alloys are also used for metallic cellular solids due 
to their excellent mechanical strength [9]. These alloys are well toler
ated by human cells, with no cytotoxic effect reported on osteoblasts 
[231]. Spongiosa metal [3], one of the first commercially available 
porous cobalt-chromium biomedical products, was reported to have a 
survival rate between 88.8% [232] and 98% [233] in follow ups of 15, 
20 or more years, with variable degree of stress shielding phenomena 
occurring in 21% of cases [232]. The clinical survival rate of 
cobalt-chromium cellular solids from 20 scientific papers [101,215, 
232–241] has been presented in Fig. 4. As for titanium, 
cobalt-chromium also have a long history of in vivo applications, with 
follow ups up to about 20 years being relatively common. 

Like titanium and cobalt-chrome, numerous and detailed clinical 
follow ups were published on the clinical outcomes of the few types of 
commercially available tantalum orthopedic cellular solid materials, 
Trabecular Metal in particular. When implanted as metaphyseal cones, 
tantalum cellular solids showed an average improvement of 33 points in 
the Knee Society clinical scores after 34 months [242]. For tantalum 
plugs applied to osteonecrotic hips the success rate at 12 months was 
77.8% postoperatively and 44.5% overall at Steinberg stage III and IV 
[243], while the survival rate was 86% at an average of 39 months [244] 
and 72.5% at 48 months for early-stage hip osteonecrosis [245]. In the 
treatment of severe acetabular defects, the survival rate was reported to 
be 96.5% at 3 years [246], with a mean implant survivorship of 8.99 
years and with osseointegration in 97% of cases [247]. Clinical out
comes for 30 published research papers [77,248–277] as a function of 
follow-up year are listed in Fig. 4. 

Unlike the other materials listed in this section, magnesium cellular 
solids are intended to be bio resorbed in within a few months from 
application, which makes their clinical outcomes difficult to compare 
with permanent implants. Nevertheless, on animal models and pre
liminary trials [278–282], magnesium cellular solids proved to be reli
able (on the short-term) and to lead to a good integration with the 
surrounding tissue (Fig. 4). Magnesium stimulates expression of multi
ple intrinsic biological factors, such as promotion of osteoblast differ
entiation [283]. It also affects the expression of genes related to bone 
formation and resorption, as well as the activity of various enzymes and 
transcription factors that control bone cell function [284]. Hydrogen 
evolution in biomedical magnesium cellular solids can pose potential 
risks, not just because hydrogen may lead to local embrittlement and 
reduced mechanical integrity of the cellular solid, but also because its 
release in the surrounding tissue can create undesirable effects, such as 
inflammation reactions and acidification [285]. Moreover, hydrogen 
bubbles may occupy the space of callus growth, affecting tissue regen
eration [286]. It must be also noted that, when compared to usual 
clinical trial, these results are based on fewer specimen and are less 
statistically significant. 

Just like magnesium, also zinc cellular solids have yet to be tested in 
vivo on humans. Of the few available articles based on in vivo animal 
models [287–289], most are with really short follow-ups, even when 
compared to magnesium. Nevertheless, preliminary results show good 
and complete integration with the surrounding tissue and a fast 

Fig. 4. Clinical outcomes of metallic cellular solids expressed as survival rate as 
a function of follow-up. For magnesium and zinc, clinical follow-ups are 
substituted by in vivo animal model follow-ups. 
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resorption rate over time. As for magnesium, these results are based on 
few specimen and would require careful evaluation and further char
acterization before being applied in the medical field. 

When compared to magnesium and zinc, iron-based bioresorbable 
cellular solids have an even more limited amount of supporting litera
ture available, in particular concerning in vivo testing and relative follow 
ups, but test on Fe–Mn scaffolds implanted on rabbits shown an excellent 
biological response up to 48 weeks [290]. 

The failure of metallic cellular solids can occur due to a variety of 
factors, including mechanical stress, corrosion, infection and implant 
loosening. In some cases, revision surgery may be required to address 
implant failure. Similar cellular solids can perform differently depend
ing on the anatomical location: for example, porous coatings on femoral 
implants have usually better clinical outcomes at long term when 
compared to the same applied to acetabular cups. Long-term clinical 
studies are needed to better understand the expected life and failure 
rates of different metallic cellular solid materials, but Fig. 4 shows 
common trends between the three main permanent cellular solid ma
terials (titanium, tantalum and cobalt-chromium) despite the clear 
morphological differences. Spongiosa metal, for example, is a porous 
material with very large porosities, over the optimal equivalent diam
eter for fast osseointegration, but its long-term follow ups show survival 
rates comparable to more optimized titanium and tantalum cellular 
solids, meaning that, on the long term, all three materials are biocom
patible and durable and will eventually integrate with the surrounding 
tissues. The rate at this integration happens is, on the other hand, greatly 
dependent on pore size and surface roughness, as discussed in section 6. 

11. Customization of biomedical metallic cellular solids 

Despite having a complex geometry, depending on the production 
technology used, metallic cellular solids can be custom-made to meet 
patient-specific requirements, such as shape, morphology and density. 
While conventional techniques would require a complete revision of the 
production process, additive manufacturing technologies can obtain 
customized parts in almost the same amount of time as serial compo
nents, with a relatively small additional effort during the design phase. 
Overall, the process of creating patient-specific implants typically in
volves the following steps:  

- Imaging: The first step is to obtain imaging data of the patient’s 
anatomy using techniques such as CT (computed tomography) or 
MRI (magnetic resonance imaging). This imaging data is used to 
create a 3D digital model of the patient’s anatomy;  

- Design: The digital model is then used to design a cellular solid that 
matches the shape and size of the defect. The design process may 
involve selecting the appropriate material, pore size, and pore 
structure based on the patient’s specific needs. Moreover, the cellular 
solid can be further reinforced with additional supports or require 
additional screw holes for primary fixation. The cellular solid can be 
automatically generated from 3D arrays of ordered porosities or 
stochastic. When porosities are stochastic the nodes locations can be 
either casually generated or based on finite element calculations of 
the load distribution;  

- Additive manufacturing: Once the design is complete, the cellular solid 
can be additively manufactured using all the techniques listed in 
section 5, depending on the material, the application and the reso
lution required. The additive manufacturing process allows for pre
cise control over the shape and structure of the cellular solid, but the 
final result can differ greatly depending on the technique used;  

- Support removal and machining: when additively manufactured, 
complex structures often require additional supports such as rafts, 
skirts and brims, that need to be removed after printing. Depending 
on the application, the parts might also need additional machining to 
reach the desired shape and surface roughness;  

- Sterilization: due to their complex design, sterilization is considered 
to be more challenging in cellular solids when compared to bulk 
materials. Various sterilization techniques have been reported in 
literature, going from UV [291] to β-[292] and γ-[293] irradiation, 
autoclaving [294] and ethylene oxide [295] sterilization processes, 
but it should be noted that, depending on the morphology of the 
cellular solid, irradiation techniques are less likely to penetrate the 
whole structure and might result in an inadequate sterilization;  

- Quality control: custom-made biomedical implants, and additively 
manufactured cellular solids in particular, need to be carefully 
checked for internal and external defects. When compared to con
ventional techniques, additively manufacturing technologies have 
been found to result in higher rejection rates during inspection. 

There are a few, crucial advantages in using custom-made cellular 
solid implants over mass produced components: 

- Precise fit: because the cellular solid is designed to match the pa
tient’s anatomy exactly, it can provide a better fit than off-the-shelf 
implants;  

- Improved mechanical properties: the cellular solid can be designed to 
provide the ideal mechanical properties distribution for a specific 
patient, in particular load distribution and elastic modulus, which 
can improve its durability and stability over time;  

- Reduced risk of infection: because the cellular solid fits the patient’s 
anatomy precisely, there is less chance of movement or displace
ment, which reduces the amount of manipulation required during 
surgery, consequently reducing the risk of infection;  

- Faster recovery time: custom-made implants can speed up recovery 
when compared to off-the-shelf alternatives as they can be designed 
to be anatomically more similar to the original bone tissue and even 
display a gradient of porosity (structural unit size) to accelerate the 
process;  

- Cost-effective: despite the additional time and effort required to 
design and produce a patient-specific implant, the use of additive 
manufacturing technology can make this process more cost-effective 
than traditional implant manufacturing techniques as it will not 
require a complete redesign of the production process. 

In summary, the use of cellular solids to produce patient-specific 
implants is an exciting development in the field of regenerative medi
cine. This approach allows for greater precision, improved outcomes, 
and reduced risk of complications compared to traditional implants, and 
it has the potential to revolutionize the way that a wide range of medical 
conditions are treated. 

Additive manufacturing technologies are not the only way to achieve 
customization. Modular prosthesis can be adapted to the anatomy of the 
patient during the surgery by selecting the more suitable components 
from a set of standardized modules with different geometries. Modular 
prostheses are cost-competitive with additive manufacturing of 
personalized implants, and in applications such as hip surgery they 
provide enough variability to adapt to most anatomies. 

12. Limitations and problems for metallic cellular solids 

Despite the decades of positive clinical outcomes, the use of cellular 
solids in the biomedical fields still faces drawbacks and limitations. 

The complex design of cellular solids requires advanced 
manufacturing techniques and methods. When compared to conven
tional production techniques, cellular solids have more likely to be 
rejected after production because they don’t meet the quality standards. 
This is in particular true for components obtained using additive 
manufacturing which in some cases present residual porosities [296]. 

While titanium and cobalt-chromium in particular are widely used 
and considered biocompatible, there can still be instances of adverse 
reactions in some patients due to individual sensitivities or allergies to 
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certain alloying elements. These effects can be further exacerbated by 
the high surface-to-volume ratio of cellular solids. Ensuring compre
hensive biocompatibility testing and proper patient assessment is 
essential to minimize such risks [297]. 

Additionally, metallic cellular solids, like most other cellular solids 
for biomedical applications, have complex shapes that can be hard to 
properly clean and sterilize, both after production and before implan
tation, and this might lead to higher chances of post-operatory infection 
[298]. 

Another major concern related to the application of metallic 
biomedical cellular solids is the risk of mechanical failure: the real 
resisting section is reduced due to the presence of porosity and the stress 
intensification factor can lead to the formation of cracks, in particular 
under cyclic fatigue conditions. Some articles suggest that a properly 
structured hierarchical porosity could result in an increase in mechan
ical properties, in particular under fatigue conditions, but these studies 
are still preliminary and require further experimental confirmation 
[299]. At this time, the long term outcome of the implant stability and 
integrity is difficult to predict and model. 

Additionally, controlling the microstructure of metallic cellular 
solids is often a challenging task, as mechanical properties can greatly 
vary from location to location due to the complex morphology [300]. 

13. Conclusions and future perspectives 

In conclusion, metallic cellular solids hold tremendous promise in 
the field of tissue engineering, offering a unique combination of me
chanical strength, biocompatibility, and versatility. This review has 
provided a comprehensive analysis of the influence of cellular solid 
characteristics, such as porosity, structural unit size, shape, and surface 
roughness, on mechanical strength and biocompatibility. The findings 
highlight the critical role of these factors in cellular solid performance 
and tissue integration. 

With advancements in production technologies and an increased 
understanding of cellular solid-host interactions, metallic cellular solids 
are poised to revolutionize the field. However, further research is 
needed to optimize cellular solid designs, refine fabrication techniques, 
and evaluate long-term clinical outcomes. 

Ultimately, the translation of metallic cellular solids from the labo
ratory to clinical settings has the potential to transform patient care, 
enabling the regeneration of damaged or diseased bones. As we forge 
ahead, it is imperative to prioritize safety, efficacy, and patient-centered 
outcomes to ensure the successful translation of these remarkable 
cellular solids into practical and impactful clinical applications. 

In summary, the future of bone repair lies in the hands of these 
forged metallic cellular solids, and their journey towards healing con
tinues to hold immense promise for improving human health and well- 
being. 
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