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Abstract 

The evolution of meta-biomaterials has opened up exciting new opportunities for 

mass personalisation of biomedical devices. This research paper details the 

development of a CoCrMo meta-biomaterial structure that facilitates personalised 

stiffness-matching while also exhibiting near-zero auxeticity. Using laser powder bed 

fusion, the porous architecture of the meta-biomaterial was characterised, showing 

potential for near-zero Poisson’s ratio. The study also introduces a novel surrogate 

model that can predict the porosity (𝜑), yield strength (𝜎𝑦), elastic modulus (𝐸), and 

negative Poisson’s ratio (−𝜐) of the meta-biomaterial, which was achieved through 

prototype testing and numerical modelling. The model was then used to inform a 

multi-criteria desirability objective, revealing an optimum near-zero −𝜐 of -0.037, 

with a targeted stiffness of 17.21 GPa. Parametric analysis of the meta-biomaterial 

showed that it exhibited −𝜐, 𝜑, 𝜎𝑦 and 𝐸  values ranging from -0.02 to -0.08, 73.63-

81.38%, 41-64 MPa, and 9.46-20.6 GPa, respectively. In this study, a surrogate model 

was developed for the purpose of generating personalised scenarios for the 

production of bone scaffolds. By utilising this model, it was possible to achieve near-

zero −𝜐 and targeted stiffness personalisation. This breakthrough has significant 

implications for the field of bone tissue engineering and could pave the way for 

improved patient outcomes. The presented methodology is a powerful tool for the 

development of biomaterials and biomedical devices that can be 3D printed on 

demand for load-bearing tissue reconstruction. It has the potential to facilitate the 

creation of highly tailored and effective treatments for various conditions and 

injuries, ultimately enhancing patient outcomes. 

Keywords: Laser powder bed fusion; 3D printing; metamaterials; meta-biomaterials; 

auxetic bone scaffold. 
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1. Introduction 

Meta-biomaterials, with their carefully designed porous architecture, can provide a unique 

combination of mechanical properties. These meta-biomaterials can be functionally designed to 

create personalised tissue engineering scaffolds [1–3]. One notable feature of auxetic meta-

biomaterials is their negative Poisson’s ratio, which means that the material expands laterally 

when stretched axially and contracts when compressed [4]. This behaviour offers distinct strain, 

deformation modes, and mechanical properties that differ from traditional biomaterials [5,6]. 

Recent studies suggest that auxetic behaviour, where applicable, can lead to superior scaffold-

tissue interaction in the reconstruction of critical-size bone defects [7–9]. An ideal load-bearing 

scaffold should have mechanical properties, such as stiffness and strain ratios, that compliments 

the host tissue being reconstructed [10,11]. 

When it comes to cellular materials, altering the pore size changes the structural behaviour such 

as the strength, stiffness, surface area and relative density [12–15]. However, this generally does 

not change the elastic strain behaviour influencing Poisson’s ratio. Recent evidence [16–18] 

suggests that conventional strain behaviour in traditional biomaterials offer suboptimal stimulus 

required for tissue growth. Therefore, it is often necessary to modulate the mechanical properties 

of scaffolds for targeted strain behaviour and therefore the Poisson’s ratio [19–22]. Developing 

meta-biomaterial scaffolds featuring targeted auxeticity (−𝜐) and elastic modulus (stiffness) is a 

promising way to mimic the strain behaviour of host tissues in certain scenarios [23–25]. 

However, as put forward by Zadpoor [26,27], the main application of auxetic meta-biomaterials, 

comes down to the rational design of the geometry and mechanical properties in such a way as 

to optimise bone-scaffold interaction. 

Meta-biomaterials are a subclass of metamaterials that possess distinct mechanical, physical, and 

biological properties that arise from their unique geometrical architecture [28] [29]. The 

mechanical characteristics of these biomaterials are closely linked to their topological design and 

material composition [30]. Initially focused on orthopaedic applications, meta-biomaterials aim 

to enhance implant-bone tissue regeneration and mitigate the risk of implant-related infections 

[31]. Stress shielding, a phenomenon characterised by reduced stress on the bone due to the 

implant and micro-motions, poses a significant challenge at the bone-implant interface. However, 

the utilisation of mechanical 3D meta-biomaterials offers a viable solution to address the 

mechanical mismatch between implants and bones [32]. Recent advancements in additive 

manufacturing (AM) have unlocked new possibilities for developing biomaterials and medical 

devices with unprecedented combinations of desirable properties and advanced functionalities. 

Surface bio-functionalisation techniques, infection prevention strategies, biodegradable metallic 

biomaterials, and composite biomaterials have all contributed to these advancements [25,33]. 
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Consequently, meta-biomaterials show great potential as a cutting-edge approach for the 

development of long-term implants [34,35]. 

Studies that validate the influence of auxetic behaviour in yielding high proliferation and tissue 

reintegration are increasing [36–38]. Looking specifically at near-zero auxetic architecture [39–41] 

data to suggest that they offer improved stress and strain response to the host tissue favourable 

for wound healing. In other words, near zero −𝜐 scaffolds may be beneficial to improve the 

overall healing process while offering a stimulating environment for tissue ingrowth. Research 

[42] on Polyethylene glycol (PEG) scaffolds, featuring near zero auxetic behaviour suggests they 

are also beneficial for engineering cartilage, corneal and ligament tissues. Kolken et al. [43] and 

Ghavidelnia et al. [32] examined cellular materials that offer a range of Poisson’s ratio values as a 

result of their re-entrant unit cells. Numerical and experimental results confirmed that these 

architectures offer improved mechanical response under compressive loading. Although all these 

material architectures offered strain distribution suitable for tissue growth, −𝜐 was found to offer 

enhanced tissue reintegration at the bone-implant interface [5,44,45]. 

Designing meta-biomaterials suitable for critical-size tissue reintegration also requires optimum 

porosity and mechanical property requirements [46–48]. Meta-biomaterials with sub-optimal 

mechanical properties cannot offer sufficient load-bearing support, particularly in bone tissue 

engineering [49–52]. On the contrary, relying on excessively stiff architecture hinders tissue 

reintegration because of stress shielding [53–55] and maladapted stress concentration [56,57]. This 

is where additive manufacturing (3D printing) technologies offer enormous potential due to their 

capacity for personalised on-demand fabrication [58,59]. The use of AM to fabricate porous 

scaffold biomaterials have been investigated extensively to offer mass personalisation when the 

research matures [5,44,60]. 

Additive manufacturing (AM) offers a viable fabrication route for porous meta-biomaterials, 

subsequently informing its mechanical and biological behaviour [61–66]. As such the 

fundamental question when conceiving an auxetic meta-biomaterials becomes, what properties 

should be targeted when conceiving a near zero auxetic meta-biomaterials? Considering the 

challenges with stress-shielding and maladapted stress concentration dictated by the stiffness 

mismatch between implants and host bone [67–70]. Targeting stiffness (elastic modulus) to match 

the host section is a good starting point. In this regard, this research conceives a near-zero auxetic 

meta-biomaterial that is optimised to achieve a targeted stiffness of around 18 GPa of an adult 

tibial critical size section. This is done in a way that preserves other important parameters suitable 

for bone scaffolds such as porosity and strength [71–73]. 

Designer biomaterials [74–77] have been on the rise, but there is still a lack of auxetic architectures 

that offer near-zero Poisson’s ratio while also providing targeted stiffness matching. This research 
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presents an open framework for the LPBF of near-zero auxetic meta-biomaterial scaffolds for 

tibial reconstruction. The use of CoCrMo as the bulk material allows for high porosity while 

preserving load bearing ability, critical for functional bone scaffolds. The scaffold’s design 

parameters are algorithmically modified to achieve specific −𝜐, stiffness, strength and relative 

density using a validated surrogate model. The generated scaffolds offer near-zero auxeticity 

while providing stiffness matching for user-defined scenarios. The framework presented can be 

used to refine and generate alternate prototypes of meta-biomaterials suitable for tissue 

reconstruction where near-zero auxeticity is advantageous. 

2. Methodology 

2.1. Conception of the meta-biomaterial architecture 

2.1.1. Near-zero auxeticity 

When it comes to developing auxetic materials, using a re-entrant architecture is one of the most 

efficient ways to achieve negative Poisson’s ratio (−𝜐). This is achieved through strategically 

assembling re-entrant unit cells to achieve lateral shrinkage under axial compression or vice versa 

[78,79]. When it comes to re-entrant unit cells, the chevron or the bowtie architecture is well 

known for offering high −𝜐 [80,81]. From meta-biomaterial perspective, studies on bowtie auxetic 

architecture conducted by Kolken et al. [43,82] have confirmed high −𝜐. On the contrary 

performance of auxetic variant that may be suitable for a near-zero Poisson’s ratio such as the 

double-arrowhead architectures are yet to be studied from a load-bearing meta-biomaterial 

perspective. 

A CoCrMo bone scaffold with a stiffness-matched near-zero Poisson’s ratio was developed 

through the design of a double-arrowhead unit cell, inspired by the principles of polygon 

tessellation, as shown in Fig. 1. The unit cells were assembled to create interconnected porosity 

suitable for load-bearing bone scaffolds, while reducing overhangs to ensure selective laser 

melting without support structures. The unit cell was designed to fit a 2 mm cuboid, with variable 

parameters for strut thickness (𝑡𝑠) and strut angle (𝜃𝑠) in the range of 0.38-0.48 mm and 15-25°, 

respectively, as shown in Fig. 1a. The meta-biomaterial scaffold was conceived by arranging the 

unit cells repeatedly in x, y, and z, as shown in Fig. 1b. This dimension was selected to reconstruct 

an 18 mm adult tibial critical-size bone defect (CSBD), which is a commonly encountered bone 

defect in clinical practice [83–85]. 
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Fig. 1. Design evolution of the double-arrowhead auxetic meta-biomaterial showing (a) the unit-cell dimensions along 

with the variable parameters strut thickness (𝑡𝑠) and strut angle (𝜃𝑠), and (b) the resulting meta-biomaterial bone 

scaffold with dimensions suitable to reconstruct a critical-size tibial defect. 

2.1.2. Additive manufacturing and surface morphology 

The additive manufacturing of the meta-biomaterial specimens was performed using an EOS 

M290 3D printer. The composition of the CoCrMo feedstock used for the laser powder bed fusion 

featured 60-65% Co, 26-30% Cr and 5-7% Mo and trace elements of Si, Mn, Fe, C and Ni. The 

feedstock had a density of 8300 kg/m3 and a spherical morphology, making it suitable for LPBF, 

as depicted in Fig. 2. Although some deformed particles were occasionally present, they were not 

prevalent and were representative of high-quality commercial feedstock appropriate for LPBF. In 

general, the feedstock had a spherical shape, and its particle size ranged from 5 to 85 µm, 

providing a high packing density.  

 
Fig. 2. SEM-informed morphology of the CoCrMo powder used for laser powder bed fusion . 

Fabrication of all material samples was carried out using a constant laser power, hatch spacing, 

laser scanning speed, and layer depth of 290 W, 0.11 mm, 950 mm/s, and 40 µm, respectively. The 

processing chamber maintained an inert argon environment with <0.1% oxygen, and three 
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scaffold samples were fabricated under identical conditions for mechanical testing. Following the 

LPBF process, all the samples underwent an argon-filled heat-treated cycle of 1150° C for six 

hours. The test samples were then extracted from the build platform using a submerged wire 

electro-discharge machine (EDM) and characterised for strut thickness and surface quality using 

the EVO50 scanning electron microscopy (SEM). 

2.1.3. Considerations for strut thickness 

Additive manufacturing techniques, have certain constraints on the minimum achievable strut 

thickness. These constraints are primarily determined by the resolution capabilities of the specific 

technology and the properties of the materials used. In general, the minimum strut thickness that 

can be achieved through AM depends on factors such as the resolution of the printing system, 

the nozzle or laser diameter, the layer height, and the material’s flow properties. Each additive 

manufacturing process has its own set of limitations and recommended design guidelines. It is 

essential to consider these limitations when designing and fabricating structures with AM 

techniques. Struts that are below the minimum achievable thickness may result in reduced 

structural integrity, poor surface finish, or difficulty in printing and post-processing. Therefore, 

it is necessary to understand the capabilities and limitations of the specific AM process being used 

and design the strut thickness accordingly within the achievable range. It is also worth noting 

that the desired mechanical properties and intended application of the structure may also impact 

the minimum strut thickness. Thinner struts may exhibit different mechanical behaviour, such as 

increased flexibility or reduced load-bearing capacity. Therefore, the design process should 

involve a careful consideration of both the AM process capabilities and the functional 

requirements of the structure to ensure an optimal balance between strut thickness and 

performance. For the L-PBF technology being employed in this study, the minimum achievable 

strut thickness is 80 μm [86,87], however considering structural integrity requirements for 

biomedical applications and repeatability a >300 μm is recommended. 

2.2. Surrogate modelling of the meta-biomaterial 

2.2.1. Development of the parametric model 

To develop an optimal near-zero Poisson’s ratio meta-biomaterial scaffold, it is necessary to 

establish the relationship between the design parameters (𝑡𝑠 and 𝜃𝑠) and critical responses of 

interest, such as porosity (𝜑), Poisson’s ratio (– 𝜐), yield strength (𝜎𝑦), and elastic modulus (𝐸). 

Therefore, a surrogate model is needed to establish the relationship between meta-biomaterial 

performance (𝜑, – 𝜐, 𝜎𝑦, and 𝐸)  and design variables (𝑡𝑠 and 𝜃𝑠). Since there is no universal bone 

scaffold that can be used for all patients, the development of an optimized near-zero Poisson’s 

ratio meta-biomaterial scaffold is crucial for successful bone regeneration. 
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Fig. 3. Flow chart showing the methodology to conceive the surrogate model and to generate the optimum meta-

biomaterial near-zero auxetic scaffold with the most desirable properties. 

The surrogate model was developed using a combination of numerical and statistical methods to 

establish the relationship between design parameters (𝑡𝑠 and 𝜃𝑠) and performance measures of 

interest, (𝜑, – 𝜐, 𝜎𝑦, and 𝐸)  of the near-zero Poisson’s ratio meta-biomaterial scaffold. The central 

composite design (CCD) response surface (RS) methodology informed the training matrix for the 

surrogate model, as it is a high-efficiency sampling approach that leads to accurate response 

surface models with fewer experiments. The steps taken to develop the surrogate model are 

summarized in Fig. 3. The relationship between resulting properties (𝑦) and design changes (𝑥) 

can be expressed using Eq. (1): 

𝑦 = 𝑓 (𝑥1, 𝑥2, ……… , 𝑥𝑛) +  𝜀 (1) 

where 𝑛 and 𝜀 represents the variables and error connected to response 𝑦. Under such 

circumstances the 2nd order RS model can be written using Eq. (2): 

𝑦 = 𝛽0 +∑𝛽𝑖𝑥𝑖

𝑘

𝑖=1

+∑𝛽𝑖𝑖𝑥𝑖
2

𝑘

𝑖=1

+∑∑𝛽𝑖𝑗𝑥𝑖𝑥𝑗 + 𝜀

𝑗𝑖

 (2) 

In the analysis of a randomized training matrix, the regression coefficients (𝛽0, 𝛽𝑖 , 𝛽𝑖𝑗  𝑎𝑛𝑑 𝛽𝑖𝑖) are 

used to describe the relationship between predictor variables and the response. These beta values 
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are then utilised in the RS model to predict the values of 𝑥 that correspond to a particular 

response. By performing parametric analysis, it is possible to determine the specific influences of 

𝑡𝑠 and 𝜃𝑠 on 𝜐, 𝜑, 𝜎𝑦 and 𝐸. Once the parametric analysis is complete, the RS model can be used to 

optimise the meta-biomaterial architecture to meet a chosen multi-objective response criterion. 

Table 1. Meta-biomaterial design variables are used to inform the surrogate model training matrix. 

 

Limits 
Variables 

𝜃𝑠(𝑑𝑒𝑔. ) 𝑡𝑠 (𝑚𝑚) 

Min. 15 0.38 

Med. 20 0.43 

Max. 25 0.48 

RS models are commonly used in cases where the number of input parameters affects the quality 

or performance of a design [88,89]. In the context of the meta-biomaterial scaffold under 

examination, 𝑡𝑠 and 𝜃𝑠 are the parametric variables of interest for their impact on both −𝜐 and the 

scaffold’s other mechanical performances. Table 1 outlines how these variables correspond to the 

scaffold unit cell, with 𝑡𝑠 chosen to achieve a balance between porosity and its ability to deform 

under load. 𝜃𝑠 ranges from 15° to 25°, with the upper limit representing the highest feasible angle 

that does not penetrate the struts. The lower limit is set at 15° to prevent non-auxetic behaviour 

under compressive loading. 

2.2.2. Formulation of the personalised stiffness-matched meta-biomaterial 

The optimization problem is formulated based on the response surface, which enables the 

identification of an ideal solution that satisfies the desired criteria. The criteria can be established 

by incorporating multiple objectives related to the design variables and parametric responses 

[80,90,91] as shown in Eq. (3): 

{

 
𝑀𝑖𝑛𝑖𝑚𝑖𝑠𝑒 𝑓(𝑥) = [𝑓1(𝑥), 𝑓2(𝑥), …… , 𝑓𝑖(𝑥)]

 
𝑠. 𝑡                     𝑥𝑙 ≤ 𝑥 ≤ 𝑥𝑢          

 

 (3) 

where 𝑥𝑙 represents the lower limits and 𝑥𝑢 represents the upper limits of the variables 

parameters linked to the objective function 𝑓(𝑥) [92]. In order to design an optimal, near zero 

auxetic, stiffness matched meta-biomaterial scaffold, it is necessary to obtain the desired 

responses as summarised in Table 2. These are the design parameters necessary to achieve lowest 

lateral strain and near-zero −𝜐, highest strength, and targeted elastic modulus of 18 GPa [56] that 

matches cortical bone while maintaining high porosity. 

𝑡𝑠 𝜃𝑠 

Jo
urn

al 
Pre-

pro
of



Page 9 of 35 

Table 2. Multi-objective optimisation criteria to generate the near-zero meta-biomaterial bone scaffold. 

Parameters of interest Desirability criterion Explanation 

Negative Poisson’s ratio (−𝜐) Near zero Lowest elastic strain 

Elastic modulus (𝐸) 18 GPa Targeted stiffness matching 

Yield strength (𝜎𝑦) Maximise High strength 

Porosity (𝜑) Maximise High porosity 

 

2.3. Finite element modelling 

2.3.1. Material model and boundary conditions 

A validated finite element (FE) model was utilised to characterise the non-linear behaviour of all 

meta-biomaterial scaffolds informed by the surrogate model. The most appropriate material 

representation for this study was found to be the bilinear isotropic strain hardening (BISO) 

option. This assumes the material as featuring a linear region with its slope signified by the 𝐸𝑏𝑙𝑘. 

The post-linear region start at 𝜎𝑏𝑙𝑘 and continues to be perfectly plastic. All the material 

parameters informing the numerical model is summarised in Table 3. These were experimentally 

derived from CoCrMo test specimens fabricated under the same conditions as the meta-

biomaterials. 

Table 3. CoCrMo bulk material properties informing the numerical model based on experimental tests on fully dense 

tensile coupons fabricated under identical process parameters to that of the scaffolds. 

Material property Value 

Young’s modulus (𝐸) 194.23 GPa 

Yield strength (𝜎𝑦) 975.6 MPa 

Poisson’s ratio (𝜐) 0.29 

Density (𝜌𝐵) 8300 kg/m3 

The finite element modelling was carried out using ANSYS 2021/R1 Static Structural Module 

employing the Mechanical Ansys Parametric Design Language (APDL) Solver. A ten-node 

higher-order tetrahedral element (SOLID187) was used for the analysis after examining 

numerous element types. The SOLID187 element is well-suited for irregular volumetric 

geometries, such as porous materials, due to its ability to deform in a quadratic manner, resulting 

in improved accuracy [93,94]. Additionally, it is superior to four-node tetrahedron elements in 

stress computations. This element comprises ten nodal components, each offering three degrees 

of freedom (DOF), translational in 𝑥, 𝑦, and 𝑧 (Fig. 4a). The global boundary conditions applied 

are shown in Fig. 4b, with loading conditions modelled similarly to the experimental test case. 

Since the deformation of the end plates is not of interest, they are modelled as rigid bodies with 

frictional contact with the scaffold. To accurately capture the force-displacement relationship, the 
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loading was conducted using 100 sub-steps. The lower platens were constrained in all directions, 

while the upper platens were displaced axially 10%. The frictional contact between the scaffold 

and the end plates was modelled with a coefficient of 0.1 for a more realistic simulation. 

 
Fig. 4. Numerical simulation illustrating (a) the implementation of a ten-node higher order element type and (b) the 

application of global loading conditions to determine mechanical performance. 

2.3.2. Model discretisation 

The accuracy of FE models heavily depends on the quality of the discretisation (mesh) used. 

Typically, a finer mesh yields more precise results as it can better capture stress gradients across 

the element [95]. Stress-raisers such as fillets and sharp corners require a smaller element size to 

accurately predict elastic-plastic behaviour [96]. However, increasing element density 

exponentially increases solution time and generates large data. Thus, an optimal mesh should 

balance element density and solution time to create an efficient numerical model. 

 

Fig. 5. Influence of mesh size on the force-displacement response. 
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The convergence study was based on the force-displacement curve using a range of element 

length featuring a ten-node tetrahedral element. Fig. 5 illustrates that the mesh sensitivity is 

extremely low along the elastic range of the meta-biomaterial scaffold below a 0.1 mm element 

size. Thus, a mesh size of 0.1 mm is sufficient to predict both the 𝐸 and 𝜎𝑦 of the scaffolds. This 

resulted in 1,488,321 elements and 2,862,589 nodes, requiring a solution time of 3579.2 seconds. 

The models were solved in a simulation high performance computer (HPC) assisted by 56 2.7 

GHz cores, 1 TB RAM and 2 GV100 accelerators. 

2.3.3. Poisson’s ratio extraction 

Poisson’s ratio (𝜐) typically manifests as a positive value, indicating a tendency towards 

expansion in the lateral direction when subjected to compression. In mathematical terms, this is 

represented by the negative proportion of lateral strain to axial strain, as written in Eq. (4). 

Auxetic materials exhibit a converse response, resulting in a −𝜐. For instance, when a cylindrical 

auxetic material undergoes axial compression, it experiences a contraction in the radial direction 

and a diminution of its transverse dimensions. The scaffold’s deformation in the radial direction 

is affected by the strain along the lateral direction (𝑙𝑎𝑡), as illustrated in Eq. (5). Strain data for 

the scaffold’s six individual lattice layers were scrutinized separately, and the overall shrinkage 

was determined by averaging these values. The −𝜐 was then calculated through the traditional 

formula, which entails dividing the average lateral strain by the axial strain, 𝜀𝑦, in this instance. 

𝜐𝑦𝑥 = −(
𝜀𝑙𝑎𝑡 
𝜀𝑦 

) (4) 

𝜀𝑙𝑎𝑡 = −(
𝜀𝑥 + 𝜀𝑧
2

) (5) 

2.4. Prototype testing 

Physical tests were carried out on the printed meta-biomaterial scaffolds to reveal their stress-

strain relationship and to validate the numerical model. The physical tests were performed on 

Zwick 1474 compressive testing machine calibrated to BSEN ISO 7500-1 standards [97]. The test 

rig is shown in Fig. 6 featuring a high-definition camera to capture the crush behaviour of the 

scaffold. Compression of the specimens (𝑛 = 3) was carried out to 50% of the height at a speed of 

80 µm/s. The 𝜎 − 𝜀 behaviour for all the meta-biomaterial specimens was recorded and the yield 

strength was identified using the 0.2% offset method from the 𝜎 − 𝜀 curves and the −𝜐 was 

computed from the transverse strain computed at each scaffold layer [80]. 
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Fig. 6. Mechanical test setup showing the meta-biomaterial scaffold subject to compressive loading. 

3. Results and discussion 

3.1. Meta-biomaterial prototypes 

Fig. 7a shows the prototypes on the build plate which were extracted using submerged wire EDM 

and shotblasted to remove disengaged particles uncovering a comparatively unblemished 

surface as shown in Fig. 7b. All the fabricated scaffolds preserved their open porosity without 

any feedstock contaminants and offered a range of pore sizes informed by their digital design. 

The varying pore sizes when compatible, generally enhance vascularisation, resulting in 

increased tissue reintegration [98]. A range of pore sizes is critical for bone scaffolds; while soft 

tissue regeneration usually starts with the smallest pores available, the larger channels offer the 

required permeability required for bone growth. Overall, a higher than 50% porosity informed 

by pore diameters 50-650 µm is the minimum requirement for segmental bone reconstruction 

scaffolds [99,100]. 

The porosity of the printed meta-biomaterial scaffolds developed in this study is summarised in 

Table 4. The printed meta-biomaterial architecture measured 81.98% porosity which is 5.64% 

lower than the design porosity of 86.74%. The reason for this is evident from the SEM data of the 

printed scaffold shown in Fig. 7b. Although shot blasting managed to remove a large proportion 

of the partially sintered feedstock adhering to the surfaces, they were still observed at narrow 

joints which contributed slightly to reduce the porosity. Generally, this effect only contributes to 

<1% difference in non-porous architectures, however, the large number of joints informing the 

meta-biomaterial architecture increased this discrepancy to 5.64% which was also observed by 

Tan et al. [101]. SEM data also revealed a variation in the strut thickness of the fabricated scaffolds 

averaging to ~29 µm which was also observed in other materials using LPBF [52,102–104]. This 

is primarily due to the influence of the LPBF process where thin features parallel to the build 
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direction have an oversizing propensity dependent on the laser beam size [101,105,106]. Although 

this effect can be magnified because of the uneven surface at the sub-micron level, this is often 

advantageous from a tissue engineering perspective. 

 
Fig. 7. LPBF CoCrMo meta-biomaterial scaffold showing (a) prototypes on the base plate with geometry highlighted 

and (b) SEM micrograph of the scaffold showing thickness variation. 

Table 4. Difference in porosity observed between the additively manufactured and ideal CAD design of the scaffolds. 

Properties 
Meta-biomaterial scaffold 

Ideal SLM % Difference 

Porosity (%) 86.74 81.98 5.64 

3.2. Numerical analysis 

3.2.1. Model accuracy 

The stress-strain curve informed by experimental tests on three AM samples are shown in Fig. 

8a. The curves can be seen to be consistent for the three samples closely following each other 

signifying a high repeatability for the test data. The accuracy of finite element models is evaluated 

by comparing their performance up to the yield point (highlighted in green) with equivalent 

physical test data (EXP), as shown in Fig. 8b. This study focuses on three specific parameters: the 

elastic modulus (E), the yield strength (𝜎𝑦), and the Poisson’s ratio (𝜐), all of which remain 

unaffected by the post-yield behaviour (highlighted in red). To assess the model’s ability to 

predict these parameters, a mesh convergence analysis was conducted, as shown in Figure 5. The 

results indicate a good fit, with differences between the FEA and EXP predicted parameters 

limited to 2.30-3.84% as listed in Table 5. 

(a) 

365 µm  
336 µm  

(b) 
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(a) (b) 

Fig. 8. Stress-strain data for the meta-biomaterial scaffold showing (a) response from physical tests carried out on three 

samples and (b) comparison between finite element and physical test data. 

Overall, the numerical model closely mirror the elastic behaviour and yield point of the scaffolds. 

Table 5 compares the numerical and physical test data, namely 𝐸, 𝜎𝑦 and −𝜐 of the meta-

biomaterial. The performances show a similar trend between the two methods with the highest 

difference of 3.84% for 𝜎𝑦, followed by 2.51% for −𝜐 and 2.3% for 𝐸. Poisson’s ratio remained 

negative signifying auxetic performance for both numerical and physical test cases. Comparing 

𝜎 − 𝜀 performances (Fig. 8b) indicates that the numerical model predicts the key mechanical 

performance parameter at an accuracy of 96.16%. 

Table 5. Difference between the numerical and physical test data. 

Properties FEA EXP % Difference 

E (GPa) 1.30 1.27 2.30 

𝜎𝑦 (MPa) 50 52 3.84 

𝜐 -0.19 -0.16 2.51 

Although small, the differences observed between the finite element and physical test are due to 

dimensional deviation observed in the printed sample as informed by the SEM data shown in 

Fig. 7b. The observations are consistent with literature [22,107–111] confirming a slight shift in 

dimensions of thin features as a result of the additive manufacturing process. Although these 

changes are insignificant in thick components, they become prominent in thin-walled structures 

below 300 µm. The rough surface finish, a distinctive characteristic of Laser powder bed fusion  
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(LPBF) technology [112–114], also has an increasing influence on the mechanical behaviour as the 

beam thickness reaches sub-micron levels. The comparison of test data revealed reasonable 

agreement between the finite element model and experimental results, informing its suitability 

for further analysis. 

3.2.2. Stress distribution within the scaffolds 

When considering porous materials, the cell structure has a significant impact on the stress 

distribution. The concentration of stress, which plays a vital role in determining their mechanical 

behaviour and failure, relies on geometry rather than relative density. Consequently, 

understanding stress distribution is critical to developing effective design principles. Some 

architectures are more susceptible to stress concentration, thus contributing to a premature onset 

of plasticity failure, as per earlier studies [115–119]. However, the link between this phenomenon 

and auxetic structures, especially in the field of biomedical scaffolds, remains uncertain. In 

addition, given that scaffolds commonly necessitate a high degree of porosity (>60%), the 

identification of stress raisers becomes a critical factor in their assessment. 

 
Fig. 9. Numerically informed stress distribution in the auxetic scaffold under axial compression. 

Dissimilar to physical testing, the numerical model generates a copious quantity of information 

that can be subjected to further analysis provided it is duly validated.. As shown in Fig. 9, the 

stress distribution within the meta-biomaterial scaffold is highlighted, identifying areas of stress 

concentration. Previous research we conducted [56] has established that the 𝜎𝑚𝑎𝑥 of scaffolds 

varies significantly based on the unit cell geometry. In this case, the meta-biomaterial displays 

stress concentration at the joints, with stress distribution appearing relatively uniform 

throughout the scaffold volume. 
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3.3. Surrogate model and its accuracy 

Response surfaces linking variables 𝑡𝑠 and 𝜃𝑠 to the desired responses (𝜐, 𝜑, 𝜎𝑦 and 𝐸)  are created 

using surrogate modelling methodology. Before performing parametric analysis, variance 

analysis is carried out to ensure the accuracy of the models. Using the surrogate modelling 

methodology, response surfaces that link the variables 𝑡𝑠 and 𝜃𝑠 to the responses of interest 

(𝜐, 𝜑, 𝜎𝑦 and 𝐸) are generated. In order to verify the precision of the models, an analysis of 

variance (ANOVA)[120–122] is carried out prior to their implementation in parametric analysis. 

The surrogate models are subsequently put to use in ascertaining the correlation between 

variables and the consequential attributes of the meta-biomaterial. The training matrix used to 

inform the surrogate model is as shown in Table 6. 

Variants of design fulfilling all factorial combinations determined by the sampling points are 

produced. Numerical analysis and modelling of each design sample result in responses as 

presented in Table 6. This process is crucial as it enables exploration of a broad range of variables 

and the relationships between them, which can significantly impact scaffold properties. This 

information can enhance scaffold design and facilitate accurate prediction of its mechanical 

properties. Moreover, it can also reduce the number of experiments required to achieve the 

desired results, making the process more cost-effective and efficient. 

Table 6. The geometric variables and responses of interest to train the meta-biomaterial surrogate model. 

Factor 1 Factor 2 Response 1 Response 2 Response 3 Response 4 

𝑡𝑠 (mm) 𝜃𝑠 (Deg.) 𝜐 𝜑 (%) 𝜎𝑦 (MPa) 𝐸 (GPa) 

0.39 24 -0.08 80.08 47 10.45 

0.43 20 -0.05 77.44 52 14.50 

0.47 16 -0.02 75.17 63 18.47 

0.43 20 -0.05 77.44 52 14.50 

0.43 20 -0.05 77.44 52 14.50 

0.43 20 -0.05 77.44 52 14.50 

0.43 25 -0.06 77.03 54 14.24 

0.43 15 -0.04 78.29 50 13.89 

0.39 16 -0.05 81.13 46 10.07 

0.47 24 -0.03 73.99 64 18.69 

0.43 20 -0.05 77.44 52 14.50 

0.48 20 -0.02 73.63 64 20.60 

0.38 20 -0.07 81.38 41 09.46 

Upon calculation of the best-fit indicators for the results, it was determined that linear models, as 

expressed in Eq. (6), (7), and (8), characterises the porosity, yield strength, and elastic modulus of 

the meta-biomaterial scaffold. However, it was observed that the parameter 𝜐 exhibited a 
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quadratic trend, indicating the presence of interaction effects among the design parameters. This 

finding is detailed in Eq. (9). 

𝜑 = 115.35 − 81.35𝑡𝑠 − 0.14𝜃𝑠 (6) 

𝜎𝑦 = −53.55 + 235.21𝑡𝑠 + 0.27𝜃𝑠 (7) 

𝐸 = −35.53 + 114.53𝑡𝑠 + 0.04𝜃𝑠 (8) 

𝜐 = 0.59 − 2.42𝑡𝑠 − 0.02𝜃𝑠 + 0.04𝑡𝑠𝜃𝑠 + 2.50𝑡𝑠
2 + 5𝑒−5𝜃𝑠

2 (9) 

A compendium of the quality metrics utilised to characterise the RS model is furnished in Table 

7. It is noteworthy that each of the four models evinces statistically significant outcomes, as is 

substantiated by their high F-values and correspondingly low p-values, where values below 

0.0001 are deemed significant in the realm of surrogate modelling. Moreover, the models exhibit 

minimal noise, as indicated by the presence of more than four adequate precision ratios, which is 

a desirable characteristic according to previous studies [79,123–126]. Additionally, all of the 

models show high R2 (>0.9) values, indicating excellent agreement between the anticipated and 

adjusted R2. These findings collectively suggest that all four models are accurate and can be used 

for further parametric analysis. 

Table 7. ANOVA of the surrogate model that characterises the performance of the meta-biomaterial scaffold. 

Model F-value p-value 
Statistical measurements 

R2 Adj-R2 Pre-R2 Adeq-precision 

𝜑 1267.76 < 0.0001 0.9961 0.9953 0.9920 103.2622 

𝐸 613.45 < 0.0001 0.9919 0.9903 0.9822 72.873 

𝜐 124.28 < 0.0001 0.9889 0.9809 0.9208 37.6713 

𝜎𝑦  110.16 < 0.0001 0.9566 0.9479 0.9130 30.6959 

Subsequent to ANOVA, scrutiny was directed towards the correlation between the predictions 

of the FE and surrogate models, as depicted in Fig. 10. Notably, the surrogate model predictions 

(diagonal dotted line) were observed to be in close proximity to the numerical results for all 

responses (𝜑, 𝐸, 𝜐 and 𝜎𝑦). The small residuals further confirm the high accuracy of the surrogate 

model. Thus, the surrogate models are well-suited for predicting the properties and parametric 

interactions of the meta-biomaterial auxetic scaffold. 

The surrogate model presented in this study offers a promising approach for designing stiffness-

matched meta-biomaterials with near-zero auxeticity. However, its direct application to non-zero 

auxetic architectures may require further exploration and adaptation. When stiffness matching is 

necessary but non-zero auxeticity is desired, the design parameters and optimisation criteria of 

the surrogate model would need to be adjusted accordingly. The existing model is specifically 

tailored for achieving near-zero auxeticity, which means it may not directly capture the 
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complexities and requirements of non-zero auxetic structures. To extend the surrogate model to 

non-zero auxetic architectures, researchers would need to modify the design parameters, such as 

the geometrical configurations, material composition, or internal lattice structures, to 

accommodate the desired auxetic behaviour while still maintaining stiffness matching 

capabilities. This may involve incorporating additional variables or constraints into the 

optimisation process to achieve the desired balance between auxeticity and stiffness matching. 

While the surrogate model presented in the study offers a valuable starting point, developing a 

surrogate model specifically tailored for non-zero auxetic architectures would require dedicated 

research and experimentation. This could involve iterative refinement and validation through 

experimental testing, computational simulations, and statistical analyses following the 

methodology presented in this study. 

  
(a) (b) 

  
(c) (d) 

Fig. 10. Show the accuracy of the surrogate and FE results of the meta-biomaterial for (a) Porosity, (b) elastic modulus, 

(c) Poisson’s ratio and (d) Yield strength. 
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3.4. Parametric influence on meta-biomaterial characteristics 

3.4.1. Porosity 

When it comes to the porosity of the meta-biomaterial scaffold being analysed, the strut thickness 

can be seen to have the highest influence (Fig. 11a). Although not as s significant auxetic can also 

be seen to influence the porosity linearly from Fig. 11b. The reduction in strut thickness leads to 

a linear increase in porosity, as depicted in Fig. 11a. Similarly, a comparable pattern was observed 

for 𝜃𝑠, but with a considerably lower linear slope. 

The interaction effects of the design parameters were subjected to analysis, and as portrayed in 

Fig. 11c, the least porosity value of 73.63% was noted at the highest values of 𝑡𝑠 and 𝜃𝑠. 

Furthermore, the trend for the interaction effect persisted at the highest porosity of 81.38%, where 

the lowest values of 𝑡𝑠 and 𝜃𝑠 were used. Consequently, reducing the thickness decreases the 

relative density of the meta-biomaterial scaffold, resulting in a higher porosity. On the other hand, 

decreasing 𝜃𝑠 reduces the strut length, leading to an increased relative density, which impacts 

porosity at a lower rate than 𝑡𝑠. Moreover, an interdependence between 𝑡𝑠 and 𝜃𝑠 on porosity is 

also visible in Fig. 11c. As a result, varying 𝑡𝑠 can significantly alter the porosity of the meta-

biomaterial. Overall, the primary factor influencing porosity is 𝑡𝑠, as seen in the first-order effects. 

Therefore, reducing 𝑡𝑠 will result in higher porosity than reducing equal measures of 𝜃𝑠. 

 
Fig. 11. Showing how geometric factors affect the meta-biomaterial characteristics revealing (a) the effect of strut width 

on porosity, (b) the impact of strut inclination on porosity, and (c) the correlation between width and inclination. 

3.4.2. Stiffness 

The stiffness of the meta-biomaterial scaffold primarily depends on 𝑡𝑠 (Fig. 12a), with the highest 

and lowest values of E (20.6 GPa and 9.46 GPa, respectively) corresponding to the highest and 

lowest 𝑡𝑠, respectively. On the other hand, the effect of 𝜃𝑠 on the elastic modulus is insignificant, 

as shown by a nearly straight line across all tested angles in Fig. 12b. As a result, 𝑡𝑠 is the most 
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critical factor in determining the elastic modulus of the scaffold investigated in the meta-

biomaterial architecture. This correlation is not unexpected, as the thickness was discovered to 

have a significant impact on the structure’s relative density. Furthermore, Fig. 12c demonstrates 

that the interrelationship between the design parameters and E is minimal and has no impact on 

the performance pattern, resulting in a consistent performance slope regardless of 𝜃𝑠 variations. 

As a result, increasing 𝑡𝑠 is the only method for increasing the elastic modulus of the meta-

biomaterial architecture. This observation is consistent with porous materials, where the stiffness 

is primarily related to the amount of material retained [70,127,128]. Therefore, for the meta-

biomaterial scaffold under consideration, increasing the thickness will increase the relative 

density, ultimately resulting in a stiffer architecture and higher elastic modulus. 

 

Fig. 12. Showing how geometric factors affect the meta-biomaterial characteristics revealing (a) the effect of strut width 

on elastic modulus, (b) the impact of strut inclination on elastic modulus, and (c) the correlation between width and 

inclination. 

3.4.3. Poisson’s ratio 

The results presented in Fig. 13 indicate that both 𝑡𝑠 and 𝜃𝑠 have a significant impact on the −𝜐. 

In Fig. 13a, a quadratic relationship can be observed, with the absolute value of −𝜐 increasing as 

thickness increases. This is due to the porosity allowing space for the double-arrowhead cellular 

layers to contract, which significantly influences lateral shrinkage. As thickness increases, the 

relative density decreases, leading to a higher stiffness and reduced elastic deformation. 

Consequently, lateral shrinkage is reduced, increasing the absolute value of −𝜐. As shown in Fig. 

13b, both design parameters significantly affect the value of −𝜐.  
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Fig. 13. Showing how geometric factors affect the meta-biomaterial characteristics revealing (a) the effect of strut width 

on Poisson’s ratio, (b) the impact of strut inclination on Poisson’s ratio, and (c) the correlation between width and 

inclination. 

An increase in strut angle leads to more load being transferred to the lateral connections, resulting 

in increased lateral strain and, therefore, increased −𝜐. Additionally, reducing 𝜃𝑠 below a specific 

threshold causes a transition from negative to positive Poisson's ratio. The findings in Fig. 13c 

demonstrate that decreasing 𝑡𝑠 and increasing 𝜃𝑠 lead to a rise in −𝜐, with the highest value 

achieved at the highest angle and lowest thickness. Furthermore, 𝑡𝑠 has a greater impact on −𝜐 

than 𝜃𝑠. Finally, the interaction effect of 𝑡𝑠 and 𝜃𝑠 has the least significant effect. Based on these 

results, it can be concluded that the first-order effect of 𝑡𝑠 is the most influential factor in altering 

the −𝜐 of the meta-biomaterial, followed by 𝜃𝑠 and, finally, the interaction effect of 𝑡𝑠 and 𝜃𝑠. 

3.4.4. Yield strength 

Fig. 14a demonstrates that the thickness of the strut has a dominant influence on the scaffold’s 

strength. The relationship between strength and strut thickness is linear. Fig. 14b illustrates that 

an increase in 𝜃𝑠 results in a proportional increase in strength. However, the rate of increase for 

𝜃𝑠 is notably lower than that of 𝑡𝑠. Fig. 14c presents the interdependence of both 𝜃𝑠 and 𝑡𝑠 on the 

meta-biomaterial strength. Although both 𝜃𝑠 and 𝑡𝑠 are sensitive to strength, the increase is 

mainly offered by 𝑡𝑠, which exhibits a linear pattern with a minor contribution from 𝜃𝑠. 

Nevertheless, the interaction effects indicate that the maximum strength occurs when both 𝑡𝑠 and 

𝜃𝑠 are at their highest values. Consequently, 𝑡𝑠 has the most significant impact on strength, 

followed by 𝜃𝑠 in the order of 𝑡𝑠>𝜃𝑠. 
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Fig. 14. Showing how geometric factors affect the meta-biomaterial characteristics revealing (a) the effect of strut width 

on strength, (b) the impact of strut inclination on strength, and (c) the correlation between width and inclination. 

3.5. Stiffness matched meta-biomaterial 

The problem description for stiffness matching the meta-biomaterial scaffold with that of a host 

bone is created by conceiving an objective function. To achieve the objective function, the design 

variables must be modified while adhering to their boundaries. The identification of optimal 

design parameters for targeted performance requires defining a suitable problem description. In 

this scenario, the ideal meta-biomaterial scaffold should satisfy various criteria. Firstly, it must 

possess a −𝜐 close to zero and stiffness of 18 GPa. The stiffness value is chosen to matches with 

that of an adult cortical bone, thereby preventing stress shielding and maladapted stress 

concentration [56]. Additionally, it is crucial to maximise the yield strength while maintaining 

high porosity to provide optimal compressive strength and support bone reintegration. In this 

regard, the multi-objective criteria for the stiffness matched near zero −𝜐 meta-biomaterial 

scaffold considering all the relevant parameters can be conceived as shown in Eq. (10): 

{
 
 
 
 

 
 
 
 

 
𝑀𝑎𝑥𝑖𝑚𝑖𝑠𝑒  𝜎𝑦 = 𝑓1(𝜃𝑠, 𝑡𝑠)

 𝑀𝑎𝑥𝑖𝑚𝑖𝑠𝑒   𝜑 =  𝑓2(𝜃𝑠 , 𝑡𝑠)

𝑀𝑎𝑥𝑖𝑚𝑖𝑠𝑒 − 𝜐 = 𝑓3(𝜃𝑠, 𝑡𝑠)

        𝑠. 𝑡      𝐸 = 18 𝐺𝑃𝑎
  

𝑠. 𝑡   15.0 ≤ 𝜃𝑠 ≤ 25.0
𝑠. 𝑡   0.38 ≤ 𝑡𝑠 ≤ 0.48

 

 (10) 

To transform the optimisation solution into a desirability function that outlines the acceptable 

response ranges for each response 𝑑𝑖, a desirability criterion 𝐷(𝑋) is used, as illustrated in Eq. 

(11): 

𝝈
𝒚
(𝑴
𝑷
𝒂
) 

𝝈
𝒚
(𝑴
𝑷
𝒂
) 

𝝈
𝒚
(𝑴
𝑷
𝒂
) 

(a

𝒕𝒔 (𝒎𝒎) 𝜽𝒔 (𝒅𝒆𝒈. ) 

(a) (b) 
(c) 

Jo
urn

al 
Pre-

pro
of



Page 23 of 35 

𝐷 = (𝑑1 ⋅ 𝑑2 ⋅ … ⋅ 𝑑𝑛)
1
𝑛 = (∏𝑑𝑖

𝑛

𝑖=1

)

1
𝑛

 

(11) 

where, 𝑛 is the number of responses. To ensure simultaneous optimisation, each response was 

assigned a low and high value, as specified in Eq. (11), and solved using the desirability approach. 

The optimisation output is visualized in Fig. 15, which depicts the desirability objective as a 

function of the meta-biomaterial’s strut angle and thickness. The highest achievable desirability 

of 0.94 was attained at a strut angle and thickness as listed in Table 8. This result provides valuable 

insights into the optimal design parameters for the meta-biomaterial, enabling the development 

of more efficient and effective biomaterials for various biomedical applications. 

 
Fig. 15. The desirability of the optimum solution delivering stiffness matching and near zero Poisson’s ratio against 

design variables for the meta-biomaterial scaffold. 

Table 8. Predicted optimal solution for the meta-biomaterial meeting all the desirability criteria including stiffness 

matching and near zero Poisson’s ratio. 

Number 𝒕𝒔 (𝒎𝒎) 𝜽𝒔 (𝑫𝒆𝒈. ) Desirability 

1 0.459 23.53 0.94 

In Fig. 15, the highest desirability score of 0.94 is observed at the highest values of thickness and 

angle. Based on this information, a meta-biomaterial scaffold design meeting the topmost 

desirability criterion was generated and characterised numerically, as shown in Fig. 16 and Table 

8. The von-Mises stress contour depicted in Fig. 16 indicates a robust scaffold, while the optimal 

features listed in Table 9. Upon evaluation, the surrogate model underestimated −𝜐 and 𝜑 by 

2.7% and 0.39%, respectively, while overestimating 𝐸 and 𝜎𝑦 by 4.39% and 2.27%, respectively. 

These results demonstrate that the optimal design provides a scaffold that offer near-zero auxetic 

performance (≤0.037), and stiffness-matching. 

While previous literature [4,129] has explored meta-biomaterials with negative and positive 
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Poisson’s ratios within a similar porosity range of 75±1%, this study presents the first 

investigation into a CoCrMo meta-biomaterial with a near-zero Poisson's ratio. The performance 

comparison, as shown in Fig. 17, demonstrates that the surrogate model developed in this 

research can generate meta-biomaterial architectures that exhibit significantly enhanced 

performance. Specifically, the surrogate model yields architectures that outperform other 

comparable CoCrMo architectures by a minimum of nine times in terms of elastic modulus (Fig. 

17a). Similarly, when examining yield strength (Fig. 17b), this study surpasses the performance 

of Ghani et al. [129] by approximately 34%. These findings highlight the capability of the surrogate 

model to conceive meta-biomaterials with superior mechanical properties, positioning it as a 

promising approach for future investigations. 

 

Fig. 16. Stress distribution of the stiffness matched meta-biomaterial satisfying the desirability criterion. 

The outcomes of this inquiry affirm the precision of the surrogate model in evaluating the 

mechanical behaviour of the double-arrowhead meta-biomaterial, with a success rate of 95.6%. 

The response surface modelling technique has enormous potential for developing auxetic bone 

scaffolds with specific functionalities. The findings provide valuable insights for researchers and 

engineers to develop and manufacture biomaterials with targeted mechanical properties and 

behaviours, ultimately leading to the creation of more efficient biomaterials for diverse 

biomedical applications and improving patient health. 

Table 9. Comparison of predicted and numerically analysed performance of the stiffness-matched optimum meta-

biomaterial showing Poisson’s ratio, porosity, elastic modulus E (GPa) and Yield strength 𝜎𝑦 (MPa). 

Item 𝝊 𝝋 𝑬 𝝈𝒚 

Predicted -0.036 74.63 18 60.88 

FEM -0.037 74.93 17.21 59.5 

% Difference 2.7 0.39 4.39 2.27 

𝑆
𝑡𝑟𝑒𝑠𝑠 (𝑀

𝑃
𝑎
) 
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(a) (b) 

Fig. 17. Performance of near zero (~0) CoCrMo meta-biomaterials featuring comparable porosity (75±1%) showing (a) 

comparison of elastic modulus and (b) yield strength with other attempts from literature [4,129] featuring negative (-

ve) and positive (+ve) Poisson’s ratios. 

3.6. Prospects and potential for future work 

AM of customised stiffness-matched meta-biomaterials opens up several avenues for future 

research and holds prospects in the field of bone tissue engineering and biomedical devices. The 

surrogate model developed in this study serves as a valuable tool for generating personalised 

scenarios for the production of bone scaffolds. By refining and expanding the surrogate model, 

incorporating additional design parameters, and optimising the meta-biomaterial architecture for 

specific tissue repair applications, researchers can further enhance the performance and 

functionality of these scaffolds. Whilst the current study utilised CoCrMo alloy, other materials 

such as titanium alloys or biodegradable polymers can be explored, either individually or in 

combination, for multi-material printing. Incorporating multiple materials with tailored 

properties can further enhance the functionality and performance of the meta-biomaterial 

scaffolds. Understanding the effect of material composition on mechanical behaviour, 

degradation kinetics, and biological response will provide valuable insights for future designs. 

Advancements in printing techniques and post-processing methods are also worth exploring. 

Although the current focus was on L-PBF, other advanced 3D printing techniques can be 

investigated to fabricate meta-biomaterial scaffolds with improved resolution and control over 

the internal architecture. Post-processing techniques such as surface modification, coating 

deposition, or functionalisation can also be explored to enhance the bioactivity, antibacterial 

properties, or drug delivery capabilities of the meta-biomaterial scaffolds. 

To bring the research closer to clinical applications, future work should focus on clinical 

translation and customisation. This involves translating the optimised meta-biomaterial designs 

into scalable manufacturing processes, ensuring regulatory compliance, and conducting 
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preclinical and clinical studies to validate their efficacy and safety in human patients. Developing 

efficient and cost-effective manufacturing workflows, including patient-specific design and 

fabrication, will be crucial in realising the full potential of this technology. There is also potential 

for the concept of stiffness-matching to be extended beyond load-bearing tissue repair. 

Researchers can explore the potential of these meta-biomaterials in cartilage regeneration, 

ligament and tendon repair, and even organ engineering. By expanding the application scope, 

this technology has the potential to revolutionise tissue engineering, enabling highly tailored and 

effective treatments across various fields. Overall, the potential for future work and prospects in 

this area are extensive, ranging from optimising design and assessing biocompatibility to 

exploring new materials and printing techniques. With continued research and development, this 

technology has the potential to transform load-bearing tissue reconstruction and contribute to the 

advancement of tissue engineering as a whole. 

3.7. Challenges for commercial use 

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 fabrication 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 to streamline the integration of AM meta-

biomaterials into a clinical setting. In addition to manufacturing, there are also design-related 

challenges: For instance, the limited literature on meta-biomaterials means that it is not often 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. 

4. Conclusion 

In this investigation, the utilization of laser powder bed fusion is disclosed for the purpose of 

producing CoCrMo meta-biomaterials offering near-zero negative Poisson’s ratio (−𝜐) and 

precise stiffness (E) matching. A surrogate framework for auxetic meta-biomaterial that can 

anticipate the trend in −𝜐, porosity (𝜑), strength (𝜎𝑦), and elastic modulus (𝐸) under the influence 

of design variables such as strut thickness (𝑡𝑠) and auxetic angle (𝜃𝑠). This technique allows for 

the fabrication of meta-biomaterials possessing tailored properties that are well-suited for load-
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bearing tissue engineering purposes. The meta-biomaterial architecture produced in this research 

provides −𝜐, 𝜑, 𝜎𝑦 and 𝐸 ranging from -0.02 to -0.08, 73.63-81.38%, 41-64 MPa, and 9.46-20.6 GPa, 

respectively. The most favorable meta-biomaterial solution displays a nearly zero −𝜐 of 0.037 and 

a targeted E of 17.21 GPa, while also demonstrating 𝜎𝑦 and 𝜑 of 59.5 MPa and 74.93%, 

respectively. The parametric analysis discovered a linear correlation between 𝜑 and 𝐸, with 𝑡𝑠 

exerting a more significant influence than 𝜃𝑠. All parametric combinations exhibited auxetic 

performance concerning – 𝜐, displaying a quadratic connection to design variables. However, the 

𝜎𝑦, 𝜑, and 𝐸 showed a linear relationship with the design variables. In terms of the influence of 

design parameters, the order of impact reveals that the meta-biomaterial properties are 

predominantly affected by the first-order effects of 𝑡𝑠 and 𝜃𝑠, specifically 𝑡𝑠>𝜃𝑠, with their 

interdependence (𝑡𝑠𝜃𝑠) only being significant for – 𝜐. The findings of this study indicate that it is 

indeed possible to develop CoCrMo auxetic bone scaffolds that possess targeted stiffness 

characteristics and an almost zero Poisson’s ratio. The surrogate model developed through this 

research can be utilised to facilitate the design and fabrication of such scaffolds with a high degree 

of accuracy and efficiency. This promising development holds great potential for the 

advancement of biomaterials and tissue engineering. By creating scaffolds with customised 

mechanical properties, researchers and clinicians can develop more effective treatments for a 

range of conditions and injuries. This, in turn, may lead to better clinical outcomes and improved 

quality of life for patients in need. 
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