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A B S T R A C T   

Auxetic meta-biomaterials offer unconventional strain behaviour owing to their negative Poisson’s ratio ( − υ) 
leading to deformation modes and mechanical properties different to traditional cellular biomaterials. This can 
lead to favourable outcomes for load-bearing tissue engineering constructs such as bone scaffolds. Emerging 
early-stage studies have shown the potential of auxetic architecture in increasing cell proliferation and tissue 
reintegration owing to their − υ. However, research on the development of CoCrMo auxetic meta-biomaterials 
including bone scaffolds or implants is yet to be reported. In this regard, this paper proposes a potential 
framework for the development of auxetic meta-biomaterials that can be printed on demand while featuring 
porosity requirements suitable for load-bearing bone scaffolds. Overall, the performance of five CoCrMo auxetic 
meta-biomaterial scaffolds characterised under two scenarios for their potential to offer near-zero and high 
negative Poisson’s ratio is demonstrated. Ashby’s criterion followed by prototype testing was employed to 
evaluate the mechanical performance and failure modes of the auxetic meta-biomaterial scaffolds under uniaxial 
compression. The best performing scaffold architectures are identified through a multi-criteria decision-making 
procedure combining ‘analytic hierarchy process’ (AHP) and ‘technique for order of preference by similarity to 
ideal solution’ (TOPSIS). The results found the Poisson’s ratio for the meta-biomaterial architectures to be in the 
range of − 0.1 to − 0.24 at a porosity range of 73–82%. It was found that the meta-biomaterial scaffold (AX1) that 
offered the highest auxeticity also showed the highest elastic modulus, yield, and ultimate strength of 1.66 GPa, 
56 MPa and 158 MPa, respectively. The study demonstrates that the elastic modulus, yield stress, and Poisson’s 
ratio of auxetic meta-biomaterials are primarily influenced by the underlying meta-cellular architecture followed 
by relative density offering a secondary influence.   

1. Introduction 

Developing biomaterials for tissue reconstruction has been largely 
based on the synthesis of new biopolymers, composites, or alloys 
(Rahmani et al., 2022; Davoodi et al., 2022). However, recent devel-
opment in digital fabrication has enabled an alternative paradigm where 
biomaterials can be conceived for targeted mechanical and biological 
properties (Ganjian et al., 2022; Zhang et al., 2022a; Kluyskens et al., 
2022). In most cases, the precise control over the properties is enabled 
by carefully conceived cellular architecture at the sub-micron scale. 
Zadpoor (2020) describes this approach of developing constructs with 
novel functionalities as ‘rational design’. Rationally designed materials 

that offer control over their bulk material behaviour while facilitating 
new or functional properties can be referred to as metamaterial. When 
such metamaterial architectures are being developed for biomedical 
applications, they are termed meta-biomaterials (Kolken et al., 2022a, 
2022b; Baroutaji et al., 2022). 

The focus of this research is on the development of a specific class of 
meta-biomaterials that shrinks laterally in response to axial compression 
resulting in a negative Poisson’s ratio ( − υ). Such architectures are 
commonly referend to as auxetic meta-biomaterials signified by − υ, 
that may offer enhanced functionality for tissue generation. Auxetic 
structures have potential in the biomedical industry due to their − υ 
(Scarpa, 2008). Auxetic bone scaffolds, dental implants, neck braces, 
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dilators, cage spacers for spine surgery and the femoral component of 
the total hip implant are some of the areas that are being experimented 
with. Baker (2013) showed the potential application of auxetic 
meta-biomaterials for the reconstruction of intervertebral discs showing 
that a − υ would be helpful to prevent disc degeneration disease. In 
particular, Baker argued that the decrease in the horizontal motion of 
the intervertebral disc reduces the impact on nerves. 

Several biological tissues have been reported in the literature 
(Mardling et al., 2020; Williams and Lewis, 1982; Kim et al., 2021) as 
featuring either fully or partially − υ demonstrating auxetic behaviour. 
The auxetic behaviour of biological tissues affects both their loading 
environment and tissue regeneration. Generally, the attachment of host 
tissue to a biomaterial is influenced by the functional interface between 
the biomaterial and the tissue. As such tissue engineering constructs 
such as bone scaffolds featuring auxetic behaviour may offer enhanced 
opportunities for large load-bearing tissue reconstruction such as in the 
case of critical size bone defects (CSBD). 

According to Mardling et al. (2020), auxetic structures could be used 
in a variety of tissue engineering and biomedical applications. The 
femoral component for complete hip replacements was designed and 
fabricated using auxetic structures created via additive manufacturing 
(Abdelaal and Darwish, 2012; Hazlehurst et al., 2014). Choi et al. (2016) 
investigated the use of auxetic PLGA (Poly Lactic-co-Glycolic Acid) 
scaffolds and their effectiveness in increasing the number of bone cells 
under compressive stimulation. It was shown that the negative Poisson’s 
ratio enhanced compressive stimulation in all directions resulting in an 
accelerated bone cell response increasing the number of bone cells being 
regenerated (Choi et al., 2016). The study conducted by Kolken et al. 
(2020) has also shown that titanium auxetic meta-biomaterials offer 
functionalities suitable for bone implant applications. 

The rise in digital manufacturing (Warner et al., 2017; Jin et al., 
2021; Arjunan et al., 2020a) techniques such as additive manufacturing 
(AM) offer significant potential for engineering bone scaffolds featuring 
complex porous architecture that can lead to auxetic behaviour. Unlike 
traditional methods, AM allows for a great deal of flexibility and 
complexity in the creation of porous materials offering new function-
alities (Joseph et al., 2021; Robinson et al., 2021; Arjunan et al., 2021a, 
2021b; Zhang et al., 2020, 2022b). The adoption of AM in the generation 
of auxetic structures for tissue reconstruction can lead to a personalised 
and cost-effective architecture that is fit for purpose. 

Despite the increasing literature on AM, the development of auxetic 
meta-biomaterials in cobalt-chromium-molybdenum (CoCrMo) super-
alloy are yet to be demonstrated. In this regard, the research investigates 
the use of laser-powder bed fusion (L-PBF) additive manufacturing to 
develop CoCrMo auxetic bone scaffolds that can offer near-zero and high 
− υ. Five open porous CoCrMo auxetic scaffold designs are conceived at 
a porosity range of 80–87% fabricated using L-PBF using. The print 
quality of the scaffolds was analysed using scanning electron microscopy 
(SEM) to characterise the influence of L-PBF on the dimensional accu-
racy of the scaffolds. Subsequently, physical tests and finite element 
modelling is used to explain the mechanical behaviour of the L-PBF 
CoCrMo auxetic scaffolds. The physical test data was also used to eval-
uate the suitability of Gibson and Ashby models and the finite element 
method (FEM) in predicting the mechanical performance of CoCrMo 
auxetic scaffolds. 

The study also introduces a methodology to identify auxetic bone 
scaffolds considering multi-criteria decision making. A combination of 
two techniques, namely the ‘technique for order preference by similarity 
to ideal solutions’ (TOPSIS) and the ‘analytic hierarchy process’ (AHP) 
are considered. The hybrid technique is used to identify the best auxetic 
scaffold under two scenarios, which can offer specific advantages. The 
first scenario looks at identifying the auxetic scaffold design that offers a 
near-zero − υ while satisfying five different criteria required for bone 
scaffolds. The second scenario identifies the auxetic scaffolds that offer 
the highest − υ while offering suitable performance for other selected 
parameters. This is the first research to bring forward the combined AHP 

and TOPSIS methodology within the context of auxetic scaffold design to 
aid decision-making. Altogether, the study proposes a methodology for 
conceiving and selecting CoCrMo auxetic meta-biomaterial bone scaf-
folds that can offer targeted functionalities and mechanical behaviour 
suitable for the application to critical size bone defects. 

2. Methodology 

2.1. Auxetic scaffold design 

Cellular materials are generally conceived with the help of repeating 
unit cells (UCs) that feature as symmetry elements (Baroutaji et al., 
2019; Ashby, 2006). The macroscopic properties (stiffness and strength) 
of the resulting solid material are informed by both the bulk material 
and the cellular architecture (Bauer et al., 2014; Yang et al., 2002; 
Tolochko et al., 2002; Barbas et al., 2012). This study presents five 
different auxetic UCs as shown in Fig. 1 which are used as the foundation 
for the meta-biomaterial scaffold design. SolidWorks (Dassault 
Systèmes) 2019 CAD package was the software of choice to conceive and 
generate all the meta-biomaterial architectures. A considered approach 
was taken in the selection of unit cells to ensure interconnected porosity 
which is a requirement for tissue engineering scaffolds. The unit cells 
were designed with limited overhangs to avoid extensive support re-
quirements during the laser-powder bed fusion process (Arjunan et al., 
2020b). Each unit cell (UC1-UC5) was conceived to fit in a 2 × 2 × 2 mm 
cube at an 8 mm3 bulk volume. The strut thickness was designed in such 
a way as to measure 0.3 mm when assembled into a lattice architecture. 

The porous architecture of meta-biomaterial bone scaffold is 
informed by the unit cell, which dictates the mechanical properties. The 
linear mirroring of UCs in x, y and z coordinates resulted in five 
respective scaffold designs designated AX1 to AX5, as shown in Fig. 2. 
AX1, AX2, AX3, AX4 and AX5 used unit cells UC1 (re-entrant), UC2 
(arrowhead), UC3 (modified re-entrant), UC4 (double arrowhead) and 
UC5 (bell-shaped) respectively. Generally, a porous scaffold will have a 
lower elastic modulus (E) and yield strength (σy) in comparison to their 
bulk equivalent due to the material removed by the pore voids. 

For this study, CoCrMo superalloy which is chosen as the bulk ma-
terial features high elastic modulus and yield strength in comparison to 
tibial bone. The approach offers a significant opportunity for the 
development of highly porous meta-cellular architecture at low stiffness 
suitable for the reduction of stress shielding effects at the tissue-implant 
interface (Arjunan et al., 2020c). The global cylindrical dimensions of 
the scaffolds were conceived to fit a tibial cross-section of 180.024 mm2 

leading to a scaffold radius of 7.25 mm. The dimensions are chosen such 
that it is suitable for the reconstruction of an adult tibial critical size 
defect of length 18 mm (Vance et al., 2019). 

The resulting properties of the five scaffold designs are listed in 
Table 1. It can be seen that the scaffold properties satisfy the porosity 
requirements of higher than 50% for open porous bone scaffolds. The 
lowest and highest porosity was exhibited by scaffolds AX1 and AX4 at 
80.49% and 86.74%, respectively. Once the scaffolds were fabricated, 
the design data was compared to physically measured porosity to 
characterise any deviation of the design from ideal as a result of L-PBF. 

2.2. Additive manufacturing 

2.2.1. CoCrMo superalloy feedstock characteristics 
CoCrMo feedstock used in this research is made up of cobalt, chro-

mium, and other metal materials, including nickel and molybdenum as 
summarised in Table 2. All auxetic bone scaffolds were manufactured 
using the Cobalt chromium MP1 supplied by EOS, which is a biocom-
patible CoCrMo superalloy suitable for biomedical applications. 
Inhouse, tests were carried out on fully dense CoCrMo tensile test cou-
pons to characterise the bulk material properties. CoCrMo superalloys 
are typically used for mechanically demanding applications such as 
dental, artificial joints, and jewellery due to their biocompatibility (Behl 
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et al., 2013; dos Santos et al., 2020). The development of CoCrMo as a 
load-bearing biomaterial is a result of its high corrosion and wear 
resistance (dos Santos et al., 2020; Dobrzański and Reimann, 2011; 
Hazlehurst, 2014; Monroy et al., 2013). When it comes to additive 
manufacturing, Mantrala et al. (2015) laser processed CoCrMo and 
indicated that dense, metallurgically sound parts can be fabricated by 
optimising the laser process parameters. It was shown that high scan 
speed, laser power and low powder feed rate can produce CoCrMo 
components with good tribological, and mechanical properties 
(Mohamed et al., 2019). 

Although CoCrMo alloys offer excellent biocompatibility, mechani-
cal strength and corrosion resistance, titanium alloys and stainless steel 
are often favoured for orthopaedic applications due to their relatively 
low bulk material stiffness (elastic modulus). However, compressive 
properties of CoCrMo cellular structures with stiffness characteristics 
closer to the bone have been demonstrated making them an ideal 
biomaterial for the development of porous meta-biomaterials. 

The CoCrMo powder showed a wide range of particle size distribu-
tion, where most of its particles are spherical, having a grainy surface, 
but some agglomerates have a smoother surface (Ada et al., Račiukaitis). 

For L-PBF, the properties of the feedstock such as particle shape 
(morphology) and size (granulometry), affect the flowability and the 
packing density of the powder bed (Robinson et al., 2020a, 2020b). 
Closely monitoring the powder characteristics also ensures both 
repeatability and part density when a new batch or material supplier is 
used. The Retsch Technology Camsizer X2 particle size analyser was 
used to characterise the CoCrMo powder quality. 

2.2.2. Laser-powder bed fusion 
The laser-powder bed fusion (LPBF) technique was used to fabricate 

all the auxetic scaffold designs in addition to the tensile test coupons. All 
samples were built using an EOS M290 featuring a laser spot size and 
layer thickness of 100 μm and 40 μm respectively. The optimum L-PBF 
process parameters used were a laser power of 290 W, a scan speed of 
950 mm/s and a hatch distance of 0.11 mm. The process parameters 
were kept constant for the fabrication of both the tensile test specimen 
and the scaffolds. An Argon atmosphere was used inside the print 
chamber with horizontal laser beam scanning to melt the CoCrMo par-
ticles during L-PBF. The process was carried out layer-by-layer, with the 
build platform being lowered vertically as each layer was completed. 
Following that, the powder feeder and re-coater spread the powder for 
the next layer and the process was repeated until the complete part was 
built. All samples were heat-treated post-printing at 1150 ◦C for 6 h. 
Stress-relieved scaffolds and tensile test samples were removed from the 
base plate by using wire Electro discharge machining (EDM). 

2.3. Scanning electron microscopy 

Scanning Electron microscopy (SEM) is one of the most extensively 

Fig. 1. Auxetic unit cells are designed for the repeating meta-cellular CoCrMo bone scaffold.  

Fig. 2. Auxetic scaffold designs featuring different unit cells where UC1, UC2, UC3, UC4 and UC5 inform AX1, AX2, AX3, AX4 and AX5 respectively.  

Table 1 
Characteristics of the five auxetic meta-biomaterial scaffold designs conceived.  

Properties Scaffold Designs 

AX1 AX2 AX3 AX4 AX5 

Relative density (ρr ) 0.1951 0.1614 0.1662 0.1326 0.1431 
Porosity (%) 80.49 83.86 83.38 86.74 85.69  

Table 2 
CoCrMo alloy feedstock composition used for laser-powder bed fusion.  

Elements Co Cr Mo Si Mn Fe C Ni 

Composition (wt.%) 60–65 26–30 5–7 ≤1.0 ≤1.0 ≤0.75 ≤0.16 ≤0.1  
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used techniques to inspect sub-micron features of additively manufac-
tured parts due to its high magnification (Scheu and Kaplan, 2012). SEM 
work similarly to optical microscopes, but instead of using light, it 
employs a focussed stream of electrons to image the specimen and 
obtain information about the microscopic structure and composition 
(Sapti, 2019). In this work, EVO 50 SEM manufactured by Zeiss is used 
to characterise the morphology of CoCrMo feedstock and printed 
samples. 

2.4. Mechanical testing 

Zwick Roell 1474 materials testing machine with a maximum load 
capacity of 100 kN was used to conduct uniaxial tension and compres-
sion tests on the bulk material and auxetic scaffolds, respectively. Both 
the rights as shown in Fig. 3 featured a mounted camera to capture the 
cellular deformation. The tests revealed both the mechanical properties 
of the L-PBF processed bulk CoCrMo and the five different meta-cellular 
architectures satisfying BSEN ISO 13314 (International Organization for 
Standardization, 2011). Before commencing the experimental tests, the 
setup was calibrated according to BSEN ISO 7500-1 (INTERNATIONAL 
STANDARD verification of static, 2018). 

For all tests, three samples (n = 3) from the same batch were ana-
lysed and the mean and standard deviation were evaluated for both the 
elastic modulus (E) and yield strength (σy) (BSI, 2016). Crosshead 
movement at a rate of 0.08 mm/s was set to load the test specimens to 
failure. The tensile test coupons were pulled to rupture and the 
compressive samples were loaded to a 9 mm (50% of the scaffold height) 
compressive deformation. The test data was visually captured through 
the video camera for all the specimens to characterise the failure modes. 

The force-displacement data was monitored and used to evaluate the 
stress-strain (σ − ε) curves for all the samples. The curves were subse-
quently used to calculate the elastic modulus of the bulk material and 
the scaffold as the slope of the elastic region. The 0.2% offset method 
was used to determine the yield strength of the specimens from the 
stress-strain curves. The lateral strain values for the Poisson’s ratio were 
measured from ImageJ using photographs taken during the elastic 
deformation of the scaffold. For precision, the transverse strain was 
computed at each lattice layer, and the average values were used, a 
method similar to Arjunan et al. (2020d) with Eq. (1) used to calculate 

the Poisson’s ratio: 

υyx = −

(
εlat

εy

)

(1)  

2.5. Multi-criteria decision-making 

2.5.1. Combined TOPSIS and AHP technique 
Most decision-making scenarios in the real world involve conflicting 

criteria and objectives that are required to be simultaneously consid-
ered. When there exist multiple parameters to consider, multi-criteria 
decision-making (MCDM) models can be used to identify the best 
possible solution. MCDM models are used to achieve an optimum deci-
sion in the presence of multiple objectives and conflicting decision 
criteria (Raigar et al., 2020). ‘Technique for order of preference by 
similarity to ideal solution’ (TOPSIS) is one of the most widely used 
MCDM techniques that are capable of revealing solutions that lie close to 
ideal (Emovon and Oghenenyerovwho, 2020; Bertolini et al., 2020). 

For scenario-based decision-making for the selection of auxetic bone 
scaffolds considered in this study, a combined case of TOPSIS and 
‘analytical hierarchy process’ (AHP) is required. TOPSIS and AHP are 
general purpose multi-objective decision-making approaches that are 
suitable for a wide range of problems. Although they are employed in a 
hybrid fashion in this study, they are suitable for any number of pa-
rameters. In this regard, the approach presented in this paper can be 
extended to analyse either fewer or more than five parameters. It may be 
also noted that these algorithms are part of a multi-criteria decision- 
making methodology and as such do not inform the CAD or STL model 
directly. Instead, they look at the responses of the designs that are 
already conceived and aid decision-making as to what design performs 
optimally given the number and relative importance of the range of 
criteria. The overall implementation of the decision-making methodol-
ogy using TOPSIS and AHP for the scenarios under consideration is 
summarised in Fig. 4. 

The modelling procedures for TOPSIS are similar regardless of the 
number of available alternatives, thus enabling fast computations. For 
every alternative, the technique concurrently factors the distance from 
the worst solution to the best one (Sabaghi et al., 2015). The perfect 
positive solution involves all the good values of every rank, and the 

Fig. 3. Mechanical test setup showing (a) tensile test for the evaluation of CoCrMo bulk material properties and (b) compression test for mechanical properties of the 
auxetic scaffold. 
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Fig. 4. Flow chart showing the scenario-based selection of near-zero and high strain auxetic meta-biomaterial bone scaffolds using combined TOPSIS and AHP 
decision-making methodology. 
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perfect negative solution involves all the worst (Rahim et al., 2018). The 
basic principle of the TOPSIS technique is that the optimal decision is the 
one that lies closest to the ideal solution (Nikkhah et al., 2019). As such, 
the best and worst solutions should possess a rank close to one and zero 
respectively (Berdie et al., 2017). 

The TOPSIS methodology begins with the formulation of the 
normalise decision matrix rij, as shown in Eq. (2) represents how the 
auxetic scaffold design i satisfies the criterion j. 

rij =
xij
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑m

j=1x2
ij

√ , j = 1, 2,…,m, i = 1, 2,…, n (2)  

where xij is the decision matrix of design candidate j evaluated for the 
criterion i. The matrix is subsequently normalised by multiplying the 
values with the criteria weights wi as shown in Eq. (3): 

∑n

i=1
wi = 1 vij = wi × rij, j = 1, 2,…,m, i = 1, 2,…, n (3) 

For the decision-making scenario of the auxetic scaffolds presented 
in this study, a combined case of TOPSIS and ‘analytical hierarchy 
process’ (AHP) is required. While TOPSIS is used to identify the best 
design satisfying a range of parametric criteria, AHP allows specifying 
the relative weight for each of the criteria. AHP contributes to multi- 
objective decision-making where a hierarchy exists between the objec-
tive criteria used (Dohale et al., 2021). AHP helps construct a compar-
ison of the objective criteria based on their relative importance on a 
scale of 1–9 commonly referend to as the Saaty scale (Vithalani and 
Vithalani, 2017) shown in Table 3. 

The application of AHP starts with the formulation of a goal at the 
top level informed by a range of criteria at the second level and design 
candidates at the third level. The relative importance of the different 
criteria to satisfy the goal is then conceived using the Saaty rating. This 
is followed by a consistency check to evaluate the accuracy of the 
formulation followed by the creation of the relative parametric weights. 

Subsequently, the negative and positive ideal solutions for the 
weighted normalised decision matrix are evaluated as shown in Eqs. (4) 
and (5) respectively: 

A∗ =
{

v∗1, v∗2,…, v∗i
}
=

{(

Maxvij
j

|i ∈ I
′

),

(

Min
j

vij|i ∈ I′′
)}

(4)  

A− =
{

v−1 , v−2 ,…, v−i
}
=

{(

Minvij
j

|i ∈ I
′

),

(

Max
j

vij|i ∈ I′′
)}

(5)  

where I′ is associated with the benefit criteria, and I′′ is associated with 
the cost criteria. The separation measures can then be calculated by 
using the n-dimensional Euclidean distance where the positive (D*

j ) and 
negative ideal solution (D−

j ) is given by Eqs. (6) and (7), respectively: 

D∗
j =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1

(
vij − v∗

)2

√

, j = 1, 2,…,m (6)  

D−
j =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1

(
vij − v−

)2

√

, j = 1, 2,…,m (7) 

Once the distance to the ideal solution is calculated, the relative 

closeness to the ideal solution (CC*
j ), where the index value lies between 

0 and 1 can be calculated using Eq. (8): 

CC∗
j =

D−
j

D∗
j + D−

j
, j = 1, 2,…,m (8) 

Lastly, the scaffold designs are ranked based on their relative prox-
imity to the ideal solution according to the descending values of CC*

j to 
identify the best design. The larger index value in the ranking matrix 
corresponds to the best-performing design (Yazdani and Payam, 2015). 
The TOPSIS approach can be used to make complex decisions, perform 
analysis, comparisons, and rankings of the identified alternative solu-
tions. The classical TOPSIS technique addresses issues where all decision 
data are represented by numbers. Other several extensions have been 
suggested based on the initial TOPSIS technique, offering support for 
fuzzy or interval criteria, vagueness, lack of information, uncertainty, or 
fuzzy or interval weights to modelled imprecision (Roszkowska, 2011). 

2.5.2. Scenarios for the selection of meta-biomaterial auxetic bone scaffolds 
In porous materials, controlling Poisson’s ratio can manipulate the 

strain stimulus during bone regeneration (Park and Kim, 2013). Previ-
ous studies (Park and Kim, 2013) have shown that the lateral elastic 
strain of the bone scaffolds during compression influences bone regen-
eration. Although a high negative lateral strain requires scaffolds with 
maximum − υ, this can change as a result of patient-specific re-
quirements. To demonstrate the selection of patient-specific meta--
biomaterial scaffolds featuring different − υ, the study conceived two 
cases namely Scenarios 1 (S1) and Scenarios 1 S2 considering five 
different parameters as listed in Table 4. 

Scenario 1 (S1): Auxetic bone scaffold that offers near-zero − υ 

Meta-biomaterial bone scaffolds that offer a near-zero Poisson’s ratio 
(ZPR) may be more suitable to emulate the behaviour of native tissues 
for certain injuries. In particular, minimising lateral strain at the 
implanted site while conveying axial compressive stresses may be 
beneficial for wound healing. Under such circumstances, meta- 
biomaterial architecture that offers a close to zero − υ can be benefi-
cial and can offer a new direction in the development of patient-specific 
meta-biomaterial bone scaffolds. Soman et al. (2012) studied single- and 
double-layer Polyethylene glycol (PEG) auxetic scaffolds showing that 
ZPR would be beneficial in the engineering of cartilage, corneal and 
ligament tissues. Considering this recommendation, the first scenario of 
the scaffold selection looks at achieving a ZPR while maintaining the 
suitable porosity and mechanical performance requirement for 
load-bearing bone scaffolds in the order − υ > φ > σy > E > EoD. 

Scenario 2 (S2): Auxetic bone scaffold with highest − υ 

Mechanical stimulation is a critical factor that regulates bone 
regeneration and healing (Ngiam et al., 2010). Bone regeneration at a 
tissue-scaffold interface is influenced by the type and magnitude of the 

Table 3 
Saaty rating scale for analytical hierarchy process (AHP) (Berdie et al., 2017).  

Rating Meaning 

1, 3, 5 Equal, moderate, strong 
7, 9 Very strong, extreme 
2, 4, 6, 8 Intermediate rating 
1/3, 1/5, 1/7, 1/9 Equivalent rating for inverse comparison  

Table 4 
Summary of scenario-based decision-making criterion used for the selection of 
CoCrMo meta-biomaterial bone scaffold satisfying two different auxetic lateral 
strain criteria while satisfying the general requirements for load-bearing bone 
scaffolds.  

Parameters of interest Notation Decision-making criteria 

Scenario 1 (S1) Scenario 2 (S2) 

Poisson’s ratio − υ ↓ ↑ 
Porosity φ ↑ 
Normalised Yield strength σy ↑ 
Normalised Elastic modulus E ↑ 
Ease of design EoD ↑ 
Order of influence - − υ > φ > σy > E > EoD  
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mechanical stimulus. Although Kim et al. (2021) suggest that auxetic 
biomaterials with properties tailored to natural tissue offer an improved 
ability for tissue reconstruction, Velasco et al. (2015) found that bone 
tissue regeneration is influenced by the mechano-regulatory phenome-
non where high micro-strains result in faster fibrous tissue regeneration. 
As such, bone scaffolds featuring high − υ may facilitate increased tissue 
reintegration due to the extended mechanical stimulus it offers (Peri-
er-Metz et al., 2020; Milan et al., 2010). To this extent, the second 
scenario looks at identifying the best scaffold design that offers a high −
υ while maintaining other relevant scaffolds parameters in the order −
υ > φ > σy > E > EoD. 

3. Results and discussion 

3.1. Suitability of Ashby’s criterion for auxetic materials 

The focus of the study is on developing a meta-biomaterial bone 
scaffold that exhibits auxetic behaviour suitable for on-demand additive 
manufacturing. The first step in this regard was to conceive suitable unit 
cells (UCs) that offer auxetic behaviour while featuring the necessary 
pore size for load-bearing bone scaffolds. As such, the selection of unit 
cell designs was informed by established auxetic concepts (Bertoldi 
et al., 2017; Zhang et al., 2018; Yang et al., 2019) that offer negative 
Poisson’s ratio ( − υ). The Poisson’s ratio of a traditional materials are 
positive (υ). When a material deviates from the norm and gives rise to a 
− υ, such architectures are classified auxetic (Evans, 1991; Choi et al., 
2019; Mirzaali et al., 2018, 2019; Wojciechowski, 2003). When auxetic 
architectures are conceived in biomaterials they form a class of materials 
referred to as meta-biomaterials. 

Widely studied − υ materials are informed by either re-entrant 
(Spagnoli et al., 2015; Lekesiz et al., 2017; Alomarah et al., 2018; 
Jiang et al., 2019; Wang et al., 2018; Nečemer et al., 2019) or chiral 
(Jiang and Li, 2018; Han et al., 2019; Kolken and Zadpoor, 2017; Woj-
ciechowski, 1987, 1989; Mizzi et al., 2015) unit cells. Although additive 
manufacturing is suitable for fabricating either of these auxetic material 
classes, the most studied variant is the re-entrant category. This is due to 
the simplicity of the re-entrant architecture make it suitable for a wide 
range of application. This study investigates five different UCs that may 
be suitable to be used as the foundation for auxetic meta-biomaterial 
bone scaffolds. Ashby’s criterion was used to study the influence of 
porosity on the mechanical properties of the selected UCs at the design 
stage. According to Ashby (2006), cellular structures formed of repeat-
able UCs can be theoretically characterised using their relative density. 
Accordingly, the theoretical elastic modulus (Ethr) and compressive 
strength (σthr) of the cellular architecture can be related to their relative 
densities (ρr) using Eqs. (9) and (10), respectively: 

Ethr ≈ Eρr
2 (9)  

σthr ≈ σyρr

(

3
2

)

(10)  

where E and σy are Young’s modulus and yield stress of the bulk mate-
rial, as listed in Table 6. The density (ρuc) of the unit cell can be calcu-
lated as the ratio of their mass (muc) to volume (Vuc). Comparing the 
theoretical performance of the auxetic UCs informed by Ashby’s crite-
rion as shown in Fig. 5, UC1 offers the highest Ethr and σthr of 1.82 GPa 
(Fig. 5a) and 80.85 MPa (Fig. 5b), respectively informed by the lowest 
porosity. UC4 shows the lowest properties of 0.56 GPa (Ethr) and 33.53 
MPa (σthr) due to the porosity. Overall, Ethr of all UCs falls below the 
elastic modulus of tibial cortical bone at 18 GPa (Hoffmeister et al., 
2000; Rho et al., 1993; Zysset et al., 1999). This was expected due to the 
high porosity of the UC designs considered. 

Ashby’s criterion was also extended to predict the performance of the 
scaffold designs in relation to their relative density. This is done to 
evaluate the suitability of ρr to be used as an indicative tool to aid the 

design of meta-biomaterials. As expected, the performance of the scaf-
fold designs closely followed their foundational UCs with AX1 and AX4 
exhibiting the highest and lowest overall performance for both Ethr 
(Fig. 5a) and σthr (Fig. 5b). However, when the UCs were triaxially 
assembled to conceive the scaffolds, the relative density has been 
affected. The difference here seems to be primarily dependent on the 
shape of the unit cell. 

Overall, the highest difference in ρr of 19.73% was observed when 
UC5 was assembled to conceive AX5 leading to improvements in both 
Ethr and σthr. This is primarily due to the unique shapes of UCs leading to 
a reduction of pore size when triaxially assembled to conceive the 
scaffold designs. For AX5 in particular the bell shape of the unit cells 
assembles itself into the void of the previous unit cell reducing the 
overall porosity. Similarly, the lowest difference in ρr of 1.27% was 
when UC3 was assembled to generate AX3; here the modified re-entrant 
architecture allows for minimal pore size intrusion during assembly 
preserving the overall ρr of the unit cell. Overall, it can be seen that 
when assembling auxetic unit cells to form scaffold designs, the differ-
ence in porosity can be up to ∼ 20%. Such differences are often not 
found in the case of regular unit cells as they do not feature significant 
angular struts necessitating unconventional strain behaviour. Despite 
the change in porosity, all scaffolds designed in this study offered a 
porosity above 80% that exceeds the requirement (>60%) for load- 
bearing bone scaffolds and as such can be considered potential 
candidates. 

Although Ashby’s criterion is a useful tool in to predict the me-
chanical properties of cellular structures, they do not take into consid-
eration the shape of the unit cell. This is a critical criterion that requires 
careful consideration for this study due to the unconventional shapes of 
the unit cell leading to auxetic behaviour. As such, experimental tests on 
the fabricated scaffolds are carried out to characterise their mechanical 
performance. 

3.2. Additive manufacturing 

3.2.1. Powder characteristics 
All the five bio-metamaterial auxetic scaffold designs are fabricated 

using CoCrMo superalloy feedstock featuring powder morphology as 
shown in Fig. 6. The feedstock particles are largely spherical with some 
smaller particles attached to larger ones to form satellite particles. 
Although not widespread, the occasional presence of elongated particles 
can also be observed from the SEM data. Overall, the particle size range 

Table 5 
Physical parameters and porosity data of the L-PBF processed CoCrMo meta- 
biomaterial scaffolds.  

Properties L-PBF CoCrMo auxetic bone scaffolds 

AX1 AX2 AX3 AX4 AX5 

Mass (m) g 6.4 5.7 5.4 4.4 4.6 
Relative density (ρr ) 0.2695 0.2328 0.2183 0.1802 0.1884 
Porosity (%) 73.05 76.72 78.17 81.98 81.16  

Table 6 
Material properties of laser-powder bed fused CoCrMo dense material obtained 
from tensile test data showing E, σy and σult which are Young’s modulus, yield 
strength and ultimate strength, respectively.  

Identifier E (GPa) σy (MPa) σult (MPa) Ref. 

Tensile test 194.23 ±
1.63 

975.6 ±
11 

1169.81 ±
10.44 

This study 

Datasheet 200 1060 1200 ± 100 Mp et al. (2011) 
Dolgov et al. 213 720 - DolgovN et al. 

(2016) 
Cornacchia 

et al. 
200 550 975 (Cornacchia et al., 

2100928)  

C.T. Wanniarachchi et al.                                                                                                                                                                                                                     



Journal of the Mechanical Behavior of Biomedical Materials 134 (2022) 105409

8

was measured to be between 5 and 85 μm. L-PBF benefits from a range of 
particle sizes as it influences both the flowability and the packing den-
sity at the powder bed leading to a dense melt track. The particle 
analysis found that the CoCrMo feedstock featured a volume and size 
distribution as shown in Fig. 7a and b, respectively. Particle analysis of 
the feedstock was carried out to characterise the mode, mean and me-
dian values of the volume fractions (D10, D50, and D90) as shown in 
Fig. 7a. This data was subsequently used to identify excessively high or 
low particle distribution that can influence the L-PBF processability. 

The particle volume distribution found a D10 of 13.2 μm, D50 of 28.8 
μm and D90 of 46.1 μm indicating that at least 50% of the feedstock 
featured particles below 28.8 μm. A D10 and D90 of 13.2 and 46.1 μm 
indicate that the particle volume distribution is relatively even with only 
10% of particles below 18.8 μm. The data shown in Fig. 7b can be used to 
explain this phenomenon where the smaller particles get attached to 
their larger counterparts forming satellite particles. When it comes to L- 
PBF, a D90 of 10 μm may deem the feedstock unsuitable (Pleass and 
Jothi, 2018); in comparison, the data from Fig. 7b confirms that the 
particle size distribution of the CoCrMo feedstock feature a near-normal 
size distribution that is optimum for L-PBF. 

3.2.2. Laser-powder bed fused meta-biomaterial scaffolds 
L-PBF was used to additively manufacture the five meta-biomaterial 

scaffold designs (AX1-AX5) along with tensile test coupons, as shown in 
Fig. 8. As shown in Fig. 8a, the resulting scaffolds feature an open 
cellular architecture under varying strut orientation, pore size and 
porosity (Arjunan et al., 2020b). The varying pore size enhances vas-
cularisation, resulting in increased bone ingrowth (Kang and Chang, 
2018). While small pores are better for soft tissue growth, bigger pores 
often facilitate high permeability which is also beneficial for 
tissue-scaffold reintegration (Mohamed et al., 2019; Bordin et al., 2014). 
A 50–650 μm pore size and a porosity of more than 50% are required for 
efficient bone-scaffold ingrowth. 

Three samples (n = 3) were built for each design (AX1-AX5) without 
using support structures owning to the sub-millimetre scale of the UCs 
offering relatively small overhang lengths. Post-printing, the test pro-
totypes were separated from the base plate with the help of wire EDM. 
Shotblasting was used to remove the partially sintered and loose parti-
cles revealing a smoother surface (Fig. 8). The relative density of the 
scaffolds was then calculated as the ratio of the scaffold density to that of 
the bulk density. The density of the fabricated scaffolds was charac-
terised as the ratio of experimental measured mass and volume by dry 
weighting and X-ray CT scan respectively. 

The resulting porosity of the L-PBF scaffolds is as listed in Table 5 
where a porosity range of 73%–82% was observed, which is slightly 
different to that of ideal CAD data at 80–87%. Although the L-PBF 
processed scaffolds resulted in a slightly lower porosity in comparison to 
their ideal counterparts, the overall trend in porosity distribution be-
tween the scaffolds was found to be similar (Fig. 9). The largest and 
smallest difference in porosity of 7.4% and 4.53% were observed for 
scaffolds AX1 and AX5 respectively. Overall, the average difference in 
porosity between CAD and actual scaffolds was 5.8%. To fully reveal the 
effect of L-PBF on the quality of the printed samples, an SEM-informed 
morphology analysis was carried out, the results of which are pre-
sented in the subsequent section. 

3.2.3. Morphology of the printed meta-biomaterial scaffolds 
SEM micrographs were used to evaluate the differences in porosity 

between ideal and printed scaffolds. Fig. 10 shows the influence of shot 
blasting on the printed samples. Comparing the struct quality before 
(Fig. 10a) and after (Fig. 10b), it is evident that the shot blasting 
removed most of the semi-molten and loose powdered particles from the 
scaffolds. However, on close inspection of joints, as shown in Fig. 10c, 

Fig. 5. The influence of relative density on the mechanical performance is informed by Ashby’s criterion for the auxetic meta-biomaterial designs being conceived 
showing (a) the theoretical elastic modulus and (b) the yield strength for both the unit cells and the resulting scaffolds. 

Fig. 6. Powder morphology of CoCrMo superalloy powder bed feedstock used 
for the laser powder bed fusion of the meta-biomaterial auxetic scaffolds. 
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some semi-molten powders can be observed. Although this is at the 
micron scale, the large number of joints can contribute to a reduction in 
porosity which was also observed by Tan et al. (Bari and Arjunan, 2019). 

A rough surface finish is also evident in both Figs. 10 and 11, which is 
representative of the additive manufacturing process. The SEM micro-
graphs of all post-processed CoCrMo scaffolds are shown in Fig. 11. 
Although the data confirms open porosity closely mimicking the CAD 
data, the average variation in strut thickness was found to be ∼ 50 μm. 
This observation is consistent with the literature (Ahmed et al., 2019; 
Zadpoor, 2017; Weiβmann et al., 2017; Tan et al., 2017) on L-PBF of thin 
walls below 300 μm. Overall, the dimensional variation of the L-PBF 
scaffolds showed a ∼ 5.8% change in overall porosity. This means that 
the L-PBF meta-biomaterial scaffolds show a 5.8% lower average 
porosity in comparison to their ideal counterparts. 

Comparing the variations in strut thickness observed here with that 
of literature, Benedetti et al. (2019) reported that the struts parallel to 
the building direction have an oversizing tendency largely driven by the 
laser beam size in comparison to the strut thickness being printed. 

Furthermore, the existence of un-melted particles bound to the struts can 
also be a cause of disparity in strut dimension. Although similar obser-
vations were found in other studies (Hazlehurst, 2014; Bari and Arjunan, 
2019), the uneven surface finish in interconnected porosity was high-
lighted as favourable for tissue ingrowth. In summary, the observations 
in Fig. 11 are consistent with literature with strut thickness deviating 
from the original design without largely affecting porosity. It can be seen 
that there is both over and under-sizing of the strut thickness due to the 
L-PBF process. However, the variation in strut thickness was largely 
influenced by strut orientation, with vertically oriented struts 
under-sized and horizontally oriented struts over-sized (Echeta et al., 
2020). 

3.3. Mechanical properties of L-PBF CoCrMo 

Mechanical tests were conducted on dense CoCrMo tensile test 
coupons manufactured using L-PBF process parameters identical to that 
used for scaffold fabrication. Altogether three tensile test coupons (n =

Fig. 7. Characteristics of the CoCrMo superalloy feedstock used for the laser powder bed fusion of meta-biomaterial scaffolds showing, (a) the particle volume 
distribution (PVD) and (b) the particle size distribution (PSD). 

Fig. 8. Laser-powder bed fused CoCrMo superalloy meta-biomaterial showing (a) the fabricated auxetic bone scaffolds and (b) the tensile test coupons.  

C.T. Wanniarachchi et al.                                                                                                                                                                                                                     



Journal of the Mechanical Behavior of Biomedical Materials 134 (2022) 105409

10

3) were axially pulled under quasi-static test conditions to characterise 
the mechanical properties of L-PBD bulk CoCrMo superalloy. The 
resulting stress-strain (σ − ε) curve (Fig. 12a) along with the failed 
tensile samples (Fig. 12b). Fig. 12a shows consistent linear and non- 

linear for all the three test coupons that were pulled. Although iden-
tical L-PBF process parameters were used to print all the test coupons, a 
standard deviation of ±1.63 GPa, ±11 MPa and ±10.44 MPa was 
observed for E, σy and σult respectively as summarised in Table 6. 
Comparing the mechanical performance results as revealed in Table 6, it 
can be seen the parameters describing the strength (σy and σult) of the 
material closely follow the material properties datasheet (Mp et al., 
2011). 

Overall, a 2.54% and 8.29% difference was observed for σult and σy, 
respectively between in-house test and the EOS datasheet (Mp et al., 
2011). When it comes to Young’s modulus, a ∼ 3% difference was found 
in comparison to the datasheet and Dolgov et al. (DolgovN et al., 2016). 
This was expected due to the process parameters and heat treatment 
regimens used for the low stiffness variant of CoCrMo superalloy which 
is more suitable for biomedical applications. To put these observations 
into perspective, the cumulative parameter, ‘laser energy density (eld)’ is 
introduced (Yakout et al., 2019; Maamoun et al., 2018; Ciurana et al., 
2013; Read et al., 2015) as shown in Eq. (11): 

eld =
Pl

vs × hs × tl
(11)  

where eld (J/mm3), Pl (W), tl (mm), vs (mm/s) and hs (mm) represents the 
energy density, laser power, layer thickness, scan speed and hatch dis-
tance, respectively (de Terris et al., 2019; Li et al., 2019). 

When it comes to L-PBF, the process parameters that constitute eld 
influences the thermo-physical behaviour during laser processing 

Fig. 9. Comparison of porosity between ideal and actual scaffolds.  

Fig. 10. Scanning electron microscopy data showing (a) scaffold as manufactured before shot blasting, (b) after shot blasting and (c) surface quality and powder 
adherence at joints post shot blasting. 
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influencing the mechanical properties of the fused material. In addition, 
the L-PBF processed samples were heat-treated at 1150 ◦C for 6 h which 
often helps to reduce the elastic modulus of the material improving its 
suitability for biomedical applications. The methodology for this is 
further explained in the context of other L-PBF materials in studies by 
Arjunan et al. (2020e). Lowering, the E value of the bulk material is 
critical to reducing the stress shielding and maladapted stress concen-
tration at the scaffolds implant interface when it comes to load-bearing 
applications. Overall, the mechanical performance closely follows both 

the material test data and other literature in the area of laser-powder bed 
processing. 

3.4. Elastic-plastic performance of CoCrMo auxetic scaffolds 

The compressive σ − ε curve of the L-PBF processed CoCrMo auxetic 
bone scaffolds are summarised in Fig. 13. Overall, all the curves show 
two distinctive regions describing both the elastic and plastic behaviour 
of the different meta-cellular architectures. In all curves, the initial 

Fig. 11. Scanning electron micrography data showing the influence of laser-powder bed fusion on strut dimension of the different meta-biomaterial CoCrMo auxetic 
scaffolds namely AX1, AX2, AX3, AX4 and AX5. 
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region of the curve reveals the linear performance, immediately fol-
lowed by the non-linear elastic performance ending at σult (Mahbod and 
Asgari, 2019). The subsequent reduction in stress indicates the begin-
ning of the plateau region. This region is signified by stress fluctuations 
or serrations as shown in Fig. 13 (Pham et al., 2012). The plateau region 
continues until all the cell walls collapse and the material starts to 
densify reducing the overall porosity. 

Looking at the stress-strain performance of each of the auxetic 
scaffolds being tested as shown in Fig. 13a–e. AX1 (Fig. 13a) showed the 
highest σy and E of 56 MPa and 1.66 GPa, respectively between all the 
meta-biomaterial architectures tested. The reason for this high perfor-
mance is evident from the σ − ε curve where lower stress at plateau 
collapse can be observed. This is due to the re-entrant architecture 
distributing the strain across the cellular architecture significantly 
reducing the possibility of localised failure. 

On the contrary, AX2 showed a localised collapse at 4.6% of the 
strain before steadily climbing to peak stress of around 90 MPa before 
the wall collapse occurs as shown in Fig. 13b. The performance indicates 
an initial localised failure by the structure without involving the sub-
sequent cellular layers during the initial part of the compression. This 
effect is a result of the distinctive vertical beams in UC2 that resist most 
of the axial load. The vertical beams above the top surface act as isolated 
load-bearing elements resulting in localised failure before engaging the 
meta-biomaterial architecture. However, as soon as the vertical beams 
fail, the cross walls interact with the structure stabilising the architec-
ture and allowing it to withstand a higher load. Due to this unique 
phenomenon, AX2 showed the lowest yield strength of 32 MPa amongst 
all the meta-biomaterial architectures tested as summarised in Table 7. 

At an E and σy of 1.57 GPa and 36 MPa, AX3 underperformed AX1 by 
5.5% and 43.5%, respectively. The comparatively large reduction in σy 

is due to − υ of AX3 being close to zero (− 0.1). This means that the 
compression is accommodated by the cell walls moving vertically down 
with minimal lateral movement leading to catastrophic failure of the cell 
walls signified by the large reduction in σy (Fig. 13c). The post-yield 
plastic behaviour of AX3 also shows a lower capacity to resist the 
stress being developed, signified by low plastic peaks. The catastrophic 
failure of the AX3 architecture can be observed in Fig. 14c, confirming 
these observations. 

AX4 and AX5 have similar − υ of − 0.16 and show σ− ε performance 
comparable to that of cellular materials that show initial localised fail-
ure and post-yield behaviour signified by progressive failure of cellular 
layers. Some peeling of boundary cells can also be observed for AX5, 
causing an initial large drop and subsequent high peak in plastic stresses. 
For the biomedical application of auxetic structures, the stiffness, 
strength and Poisson’s ratio are the key parameters informing the meta- 

biomaterial scaffold design (Soro et al., 2019; Singh et al., 2010; Hen-
drikson et al., 2017). Comparing the mechanical performance of all the 
five meta-biomaterial scaffolds, as summarised in Table 7, AX1 offers the 
highest elastic modulus, yield strength and negative Poisson’s ratio. 

Overall, all architectures showed varying degrees of auxetic behav-
iour signified by the range of negative Poisson’s ratios as shown in 
Table 7. Comparing the performances of the scaffolds, the elastic 
modulus of the structures varied by 1.13–1.66 GPa, and the yield 
strength by 32–56 MPa, with AX2 underperforming all the other scaf-
folds. Previous compressive test studies on non-auxetic cellular mate-
rials showed that the elastic modulus and strength of these materials are 
strongly influenced by their unit cell shape; a trend that was also 
observed in this study (Hazlehurst, 2014). Nevertheless, compressive 
test results showed that there is no significant trend between elastic 
modulus and the yield strength among auxetic materials. 

3.5. Meta-cellular failure modes 

The morphology of individual cells along with their neighbouring 
connections in a meta-biomaterial architecture influences the structural 
performance of the scaffold. In this regard, studying the global defor-
mation of the auxetic scaffolds can reveal the influence of pore shape on 
the failure modes. Fig. 14 shows selected still frames during quasi-static 
compression to characterise the plastic deformation and failure of the 
meta-biomaterial architecture. The chosen slides from the recorded 
image being presented represent the initial uncompressed scaffold; the 
moment of the initial failure followed by 10%, 20% and 30% post-yield 
compression. 

Despite all porous architectures being auxetic, the differences in unit 
cell shape can be seen to influence both the compressive behaviour and 
failure modes of the scaffolds (Fig. 14). The 10% compression of all the 
scaffolds (Fig. 14a-e) demonstrates an inward lateral strain under 
compression, confirming the negative Poisson’s ratio. The uniform 
contraction of the structure demonstrates that the pore geometry 
significantly impacts the deformation behaviour. The deformation of 
AX2 and AX4 as shown in Fig. 14b and d respectively shows compara-
tively low elastic modulus informed by their unit cell geometries. The 
similarity in performance can be due to both meta-biomaterial archi-
tectures being based on the arrowhead design albeit featuring different 
parametric values. 

AX1 shows uniform shrinkage up to 10% axial compression, followed 
by localised failure initiated at the top cellular layer as shown in 
Fig. 14a. While AX5 also showed failure initiating at the top, the peeling 
of boundary beams resulted in a large drop in stress post-yield. On the 
contrary, AX3 did not show crush bands; instead failed catastrophically 

Fig. 12. Mechanical performance of laser-powder bed fused CoCrMo superalloy dense material showing (a) the stress-strain relationship and (b) the failed tensile 
test coupons. 
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as a result of crack propagation as shown in Fig. 14c. This is a result of 
the low lateral strain signified by − υ close to zero. 

SEM data of the scaffolds are extracted as shown in Fig. 15 to further 
characterise the deformation modes of the meta-biomaterial 

architecture. 
For additively manufactured cellular materials with beam thickness 

close to 300 μm, the micro-scale inconsistencies as a result of the L-PBF 
process are often highlighted as yield initiators (Ahmed et al., 2019; 
Genovese et al., 2017; Dong et al., 2018). The reason for this is the 
micro-scale inconsistencies acting as stress raisers as observed by Yu 
et al. (2019). In comparison, Fig. 15a to e shows that the failure of the 
meta-biomaterial is primarily informed by the cellular architecture and 
the quality of inter-cellular joints rather than L-PBF induced micro-scale 
variations in beam thicknesses. In particular, AX1 shows a tensile failure 
of the crossbeam as shown in Fig. 15a indicating that the failure is 
initiated by the re-entrant beam that stretches laterally to accommodate 
the negative strain. When it comes to AX2 and AX3, the failure seems to 
be initiated at the joints, as shown in Fig. 15b and c which also explains 
the comparatively low yield strength observed for these architectures. 
This kind of deformation is often the result of progressive folding of the 
beams at the joints or the stress concentration. The abrupt change in 

Fig. 13. The stress-strain relationship for L-PBF CoCrMo auxetic bone scaffolds is informed by physical tests showing the different meta-biomaterial architectures (a) 
AX1, (b) AX2, (c) AX3, (d) AX4 and (e) AX5. 

Table 7 
Mechanical behaviour of L-PBF processed CoCrMo auxetic meta-biomaterial 
bone scaffolds informed by physical experimental test data where φ, E, σy, σult 
and − υ are the porosity, elastic modulus, yield strength, ultimate strength, and 
the negative Poisson’s ratio, respectively.  

Scaffold φ (%) E (GPa) 0.2% σy (MPa) σult (MPa) − υ 

AX1 73.05 1.66 ± 0.47 56 ± 1.24 158.0 ± 6.65 − 0.24 
AX2 76.72 1.13 ± 0.02 32 ± 0.81 88.87 ± 3.49 − 0.13 
AX3 78.17 1.57 ± 0.02 36 ± 0.62 104.53 ± 2.40 − 0.10 
AX4 81.98 1.27 ± 0.03 52 ± 4.71 51.66 ± 4.14 − 0.16 
AX5 81.16 1.60 ± 0.08 40 ± 0.84 97.90 ± 3.83 − 0.16  
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geometry of AX2 indicates significant stress concentration, which can be 
a contributing factor. 

A bending-induced failure can be observed for AX4 and AX5 as 
shown in Fig. 15d and e respectively indicating progressive folding 
during compression facilitated by the arrowhead and bell shape unit 
cells. Overall, none of the meta-biomaterial architecture shows thinning 
of the beams (Fig. 15), evidencing a brittle behaviour that is generally 
observed for L-PBF processed cellular metals (Dong et al., 2018; Kan 
et al., 2019; Hadadzadeh et al., 2019). Nevertheless, the majority of the 
failure modes for the meta-biomaterials seem to be dictated by unit cell 
collapse, which is different to traditional cellular materials where 
distinctive shear plane cutting across multiple cellular layers are often 
observed (Chen et al., 2019; Yan et al., 2014; Liu et al., 2019). 

3.6. Multi-criteria decision making 

The multi-criteria decision-making technique used in this study 
combines the AHP and TOPSIS methodologies for case-based identifi-
cation of the best-performing meta-biomaterial architecture. AHP scores 
and set the share of relative importance for the choice criteria sets. Al-
ternatives in the hierarchy are the five (AX1 to AX5) scaffold designs 
influenced by five decision-making criteria namely, the Poisson’s ratio 
(υ), Porosity (φ), yield strength (σy), elastic modulus (E) and ease of 
design (EoD). All responses used for the decision-making matrix were 
experimentally evaluated as summarised in Table 8 with EoD being a 
subjective criterion. As such EoD ranking depends on both the software 
and the expertise of the user designing the unit cells. The TOPSIS 
approach is used to rank a relatively weighted matrix from best to worst 
performing meta-biomaterial architecture considering all the five 
objective parameters. 

To offer a like-for-like comparison, the yield strength and elastic 
modulus are normalised with respect to relative density neutralising the 
differences in porosity. The ease of design parameter is conceived from a 
five-point numerical scale, where 5 and 1 are the simplest and most 
complex designs, respectively. All the data used for the decision support 

model is summarised in Table 8. The decision-making and weighting 
criteria are developed based on the two specific selection criteria (Sce-
nario 1 and Scenario 2) as presented in subsequent sections. For all 
cases, the parametric importance of the criteria is of the form 
υ > φ > σy > E > EoD. 

3.6.1. Scenario 1: Auxetic bone scaffold with near-zero − υ 
In the analytic hierarchy process, the importance values decide the 

criteria weights. Since the nature of the meta-biomaterial presented in 
this study is auxetic, Poisson’s ratio has the highest importance of all the 
alternatives. To identify the best meta-biomaterial architecture that 
satisfies scenario one, the lowest value of the − υ is set as the ideal. To 
facilitate this in the pair-wise matrix, inverse values are used for − υ row, 
as shown in Table 9. 

The pair-wise matrix is normalised by dividing all the values in 
Table 9 by the sum of the column resulting in the normalised pairwise 
comparison matrix shown in Table 10. Finally, the relative weights of 
each criterion for the selection of the ideal design are calculated by 
averaging all the element values in each row (Table 10), resulting in 
Table 11. 

The TOPSIS approach is used in the final stage to fulfil the desired 
objectives. The main principle of this process is that the best alternative 
(AX1 to AX5) lies close to the ideal alternative. In this regard, the best 
design is identified as rank one, while the worst option is zero (Berdie 
et al., 2017). The normalised values related to the criteria shown in 
Table 12 were calculated from the decisional matrix in Table 8 by using 
Eq. (2). The normalised weighted matrix, as shown in Table 13, was 
calculated using Eq. (3) by multiplying each element of each column of 
Table 12 by the relative criteria weights as identified in Table 11. Sub-
sequently, the negative and positive ideal solutions, as listed in Table 14, 
were calculated for the weighted normalised decision matrix (Table 13) 
by using Eqs. (4) and (5). 

Once A* and A- are obtained as shown in Table 14, the separation 
distance of each competitive alternative from the positive (D*

j ) and 
negative (D−

j ) ideal solutions were calculated using Eqs. (6) and (7). In 

Fig. 14. Deformation of the CoCrMo auxetic scaffolds showing 0%, 10%, 20% and 30% deformation of the meta-biomaterial architectures (a) AX1, (b) AX2, (c) AX3, 
(d) AX4 and (e) AX5. 
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addition, the relative closeness value was calculated using Eq. (8). 
Finally, the scaffold alternatives were ranked based on the closeness 
values to identify the best design, as shown in Table 15. It can be seen 
that the combined AHP and TOPSIS method identified AX4 to be the best 
scaffold design to offer a near-zero Poisson’s ratio (Scenario 1) while 
meeting all the other objective criteria set for scenario 1. The procedure 
is repeated to identify the best design for another set of objective 

parameters classified as Scenario 2 which is explained in the subsequent 
section. 

3.6.2. Scenario 2: Auxetic bone scaffold with highest − υ 
For scenario two, identifying a scaffold with the highest − υ while 

maintaining good performance to other relevant parameters as sum-
marised in Table 4 is required. Table 16 shows the AHP pairwise 

Fig. 15. SEM data of the failed CoCrMo auxetic bone scaffold highlighting failure regions to inform the failure mode analysis for (a) AX1, (b) AX2, (d) AX3, (d) AX4 
and (e) AX5. 
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comparison matrix informed by the Saaty scale (Table 3) showing the 
relative importance of the parameters. The resulting normalised pair- 
wise comparison matrix (Table 17) is obtained by dividing the ele-
ments of the column by the sum of the column in Table 16. Finally, the 
criteria weights from the AHP process are calculated by averaging all the 
element values in each row resulting in Table 18. 

Once the criteria of relative weights have been assigned to all the five 
objective criteria (Table 18), the TOPSIS method is used to identify the 
best meta-biomaterial scaffold satisfying Scenario 2. The scaffold design 
which receives CC*

j closer to 1 is the best candidate based on the 
decision-making criteria used. The normalised values related to the 
criteria in Table 12 were used for Scenario 2 with criteria weights listed 
in Table 18. Table 19 shows the normalised weighted matrix shown 
calculated using Eq. (3) by multiplying each element of each column of 
the normalised decision matrix (Table 12) by the relative criteria 
weights (Table 18). 

Subsequently, the negative and positive ideal solutions, as shown in 
Table 20, were evaluated for the weighted normalised decision matrix 
by using Eqs. (4) and (5). The separation distance for each scaffold de-
signs from the positive (D*

j ) and negative (D−
j ) ideal solutions were 

calculated using Eqs. (6) and (7). In addition, Eq. (8) was used to 
calculate the relative closeness values resulting in the ranking as shown 
in Table 21. The results of the combined AHP and TOPSIS method 
identified that the most suitable auxetic scaffold design for Scenario 2 is 
AX1. 

4. Limitations and challenges 

For meta-biomaterials to be commonplace in tissue reconstruction, 
multiple limitations require addressing. When it comes to additive 
manufacturing, structural integrity at the sub-micron scales suitable for 
the fabrication of meta-biomaterials remains a primary limitation. 
Furthermore, improvements in reducing contamination during fabrica-
tion and post-processing are also necessary. While the latest L-PBF 
technique meets the basic requirements for the fabrication of meta- 
biomaterials, there is still a need for achieving smaller dimensions, 
improved dimensional accuracy, and consistent mechanical properties 

Table 8 
Decisional matrix and the parametric values used for multi-criteria decision 
making.  

Design υ φ (%) σy (MPa) E (GPa) EoD 

AX1 − 0.24 73.05 207.78 6.16 4 
AX2 − 0.13 76.72 137.47 4.85 1 
AX3 − 0.10 78.17 164.90 7.19 2 
AX4 − 0.16 81.98 288.50 7.05 5 
AX5 − 0.16 81.16 212.28 8.49 3  

Table 9 
Pair-wise comparison matrix to determine the relative importance of the five 
parameters contributing to the selection of a near-zero Poisson’s ratio auxetic 
bone scaffold.  

Parameters υ φ σy E EoD 

υ 1 1/3 1/5 1/7 1/9 
φ 3 1 3 5 7 
σy 5 1/3 1 3 5 
E 7 1/5 1/3 1 3 
EoD 9 1/7 1/5 1/3 1 
Sum 25 2.01 4.73 9.48 16.11  

Table 10 
Normalised pair-wise comparison matrix to determine the relative importance of 
the selected parameters.  

Parameters υ φ σy E EoD 

υ 0.0400 0.1659 0.0423 0.0151 0.0069 
φ 0.1200 0.4976 0.6338 0.5276 0.4345 
σy 0.2000 0.1659 0.2113 0.3166 0.3103 
E 0.2800 0.0995 0.0704 0.1055 0.1862 
EoD 0.3600 0.0711 0.0423 0.0352 0.0621  

Table 11 
Criteria relative weights show the importance of the 
selected parameters in the selection of a near-zero Pois-
son’s ratio auxetic bone scaffold.  

Criteria Criteria weight 

Poisson’s ratio 0.0540 
Porosity 0.4427 
Yield strength 0.2408 
Elastic modulus 0.1483 
Ease of Design 0.1141  

Table 12 
The normalised values are related to the criteria.  

Design υ φ σy E EoD 

AX1 0.6515 0.4173 0.4455 0.4018 0.5394 
AX2 0.3529 0.4383 0.2947 0.3167 0.1348 
AX3 0.2715 0.4466 0.3535 0.4692 0.2697 
AX4 0.4343 0.4683 0.6185 0.4597 0.6742 
AX5 0.4343 0.4636 0.4551 0.5539 0.4045  

Table 13 
Weighted normalised matrix for scenario 1.  

Design υ φ σy E EoD 

AX1 0.0352 0.1848 0.1073 0.0596 0.0616 
AX2 0.0191 0.1940 0.0710 0.0470 0.0154 
AX3 0.0147 0.1977 0.0851 0.0696 0.0308 
AX4 0.0235 0.2073 0.1490 0.0682 0.0769 
AX5 0.0235 0.2053 0.1096 0.0822 0.0462  

Table 14 
Positive and negative ideal solutions for scenario 1.  

Parameters υ φ σy E EoD 

Positive Solution (A*) 0.0147 0.2073 0.1490 0.0822 0.0769 
Negative Solution (A-) 0.0352 0.1848 0.0710 0.0470 0.0154  

Table 15 
Ranking matrix identifying the best auxetic scaffolds meeting all the decision 
criteria while offering a near-zero Poisson’s ratio satisfying scenario 1.  

Design (D*
j ) (D−

j ) Relative closeness (CC*
j ) Rank 

AX1 0.0584 0.0601 0.507 3 
AX2 0.1063 0.0186 0.149 5 
AX3 0.0803 0.0392 0.328 4 
AX4 0.0165 0.1047 0.864 1 
AX5 0.0508 0.0651 0.562 2  

Table 16 
AHP pair-wise comparison matrix for scenario 2.  

Design υ φ σy E EoD 

υ 1 3 5 7 9 
φ 1/3 1 3 5 7 
σy 1/5 1/3 1 3 5 
E 1/7 1/5 1/3 1 3 
EoD 1/9 1/7 1/5 1/3 1 
Sum 1.79 4.68 9.53 16.33 25  
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to streamline the integration of AM meta-biomaterials into a clinical 
setting. In addition to manufacturing, there are also design-related 
challenges: For example, the limited research into this area means that 
it is often not clear what exact geometries would give rise to the most 
desired properties for a given scenario. Given that stiffness matching 
between the meta-biomaterial and the host tissue is one of the primary 
considerations for bone scaffolds, there is a need for computational 
models that offer the relationship between geometrical designs and the 
resulting properties of meta-biomaterials. The growth of literature 
addressing these key limitations are critical in taking meta-biomaterial 
research into clinical practice. 

5. Conclusion 

Auxetic materials are metamaterials with unusual properties that 
originate from their geometrical architecture. This concept has been 
explored in the context of CoCrMo additively manufactured bone scaf-
folds with different negative Poisson’s ratio ( − υ). In particular, the 
paper demonstrates the use of laser-powder bed fusion (L-PBF) to 

fabricate porous auxetic CoCrMo bone scaffolds and reports the design, 
processing parameters, print quality and multi-criteria decision-making 
for the first time. The study revealed five auxetic architectures (AX1- 
AX5) for the design of load-bearing meta-biomaterial offering a υ of 
− 0.1 to − 0.24 at a porosity range of 73–82% mimicking the requirement 
for a critical size bone scaffold. The results found Ashby’s criterion to be 
limited in predicting the performance of auxetic bio-material scaffolds 
due to the complex pore geometries. Although SEM analysis on the L- 
PBF processed scaffolds identified dimensional inaccuracies, overall 
variation in porosity was found to be limited to 5.8% lower in com-
parison to the ideal design. Tensile tests revealed that the L-PBF pro-
cessed CoCrMo bulk material featured Young’s modulus, yield strength 
and ultimate tensile strength of 194.23 GPa, 975.6 MPa and 1169.81 
MPa, respectively consistent with the literature confirming the suit-
ability of the process parameters used. Compressive tests on the CoCrMo 
auxetic meta-biomaterials showed elastic modulus and compressive 
strength in the range of 1.13–1.66 GPa and 32–56 MPa, respectively 
with the highest and lowest performance for AX1 and AX2. When it 
comes to failure modes, localised and catastrophic failures influenced by 
both the unit cell shape and the L-PBF process were observed. Consid-
ering the range of performances observed for the meta-biomaterials, a 
decision-making procedure for auxetic bone scaffolds featuring five se-
lection criteria in the order Poisson’s ratio > Porosity > yield strength >
elastic modulus > ease of design applied to two scenarios to identify 
ideal designs are also demonstrated. The combined AHP and TOPSIS 
method found AX4 and AX1 as the best scaffold design to offer a near- 
zero and highest − υ, respectively while satisfying the relative impor-
tance of five other parameters relevant for meta-biomaterials. The 
methodology demonstrated in this study can be adopted to systemati-
cally conceive and select suitable auxetic meta-biomaterial bone scaf-
folds that offer targeted − υ while maintaining high porosity. 
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