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A B S T R A C T   

Porous scaffolds have evolved, allowing personalised 3D-printed structures that can improve tissue reconstruc-
tion. By using scaffolds with specific porosity, Poisson’s ratio and stiffness, load-bearing tissues such as tibial 
reconstruction can be improved. Recent studies suggest the potential for negative Poisson’s ratio ( − υ) meta- 
scaffolds in mimicking the behaviour of natural tissue, leading to improved healing and tissue reintegration. 
This study reveals a porous meta-scaffold that offers high − υ and can be personalised to match desired stiffness. 
By using laser powder bed fusion (L-PBF) of CoCrMo, a porous structure was created, characterised by its ability 
to achieve heightened − υ. Prototype testing and numerical modelling unveiled a proxy-model capable of 
predicting and personalising the porosity, yield strength, elastic modulus, and − υ of the tibial meta-scaffold 
representing a novel contribution to the field. The surrogate model also aids characterising the impact of 
design variables such as of the scaffold on the key performance requirements of the tibial scaffold. This approach 
enables the fabrication of porous biomaterials with personalised properties, specifically suited for load-bearing 
tibial reconstruction. The resulting meta-scaffold offers − υ ranging from -0.16 to -0.38, porosity between 73.46% 
and 85.36%, yield strength of 30–80 MPa, and elastic modulus ranging from 8.6 to 22.6 GPa. The optimised 
architecture feature − υ of 0.223 and a targeted elastic modulus of 17.53 GPa, while also showcasing yield 
strength and porosity of 57.2 MPa and 76.35%, respectively. By combining 3D printing with tailored scaffolds, 
this study opens doors to mass customisation of improved load-bearing porous biomaterials that of negative 
Poisson’s ratio and stiffness matching.   

1. Introduction 

Tissue reconstruction has witnessed significant advancements with 
the incorporation of biomaterials, providing a scaffold for cell growth 
and tissue development [1–3]. These biomaterials can be tailored to 
meet specific requirements, such as mechanical strength, biodegrad-
ability, and biocompatibility. amongst the diverse biomaterials, porous 
biomaterials engineered at the nanoscale have gained prominence due 
to their unique properties and tunability for various biomedical appli-
cations [4,5]. 

Subsequently, these rationally designed meta-biomaterial architec-

tures hold significant promise in load-bearing tissue engineering due to 
their ability to mimic the hierarchical structure and mechanical prop-
erties of native tissues, thus enhancing tissue regeneration and inte-
gration [6]. These architectures encompass a variety of advanced 
fabrication techniques and materials, enabling precise control over 
structural design and mechanical properties to match those of the target 
tissue. By integrating multiple materials at different length scales, such 
as nanofibers, microspheres, and macroscale scaffolds, 
meta-biomaterials can achieve tailored mechanical properties, porosity, 
and degradation rates [7]. This versatility allows for the creation of 
scaffolds that closely mimic the complex architecture of load-bearing 
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tissues like bone, cartilage, and tendon, promoting cell attachment, 
proliferation, and differentiation [8,9]. Notably, -ve Poisson’s ratio ( −
υ) porous biomaterials offer intriguing potential for tissue regeneration 
[10,11]. Their ability to become thicker in the transverse direction 
during stretching makes them suitable for creating implants that better 
conform to surrounding tissues [12,13]. 

Research on the fabrication and application of − υ biomaterials have 
been extensively explored in the field of tissue reconstruction. Examples 
includes the development of functionally graded − υ polymer structures 
for femoral hip replacement [9]. By achieving a mechanical similarity to 
the host bone, stress mismatch and implant loosening were mitigated, 
indicating the potential of − υ biomaterials in hip replacement. Stress 
shielding and maladapted stress concentration have been identified as 
significant issues in bone tissue engineering [10–12,14–16]. Studies 
have confirmed that a large mismatch in stiffness between the host bone 
and the load-bearing implant leads to these complications [17,18]. To 
address this, researchers have focused on − υ biomaterials with high 
proliferation and tissue reintegration capabilities [7,19]. By controlling 
υ in porous materials, the strain stimulus during bone regeneration can 
be manipulated [20,21], influencing the overall tissue reconstruction 
process [22]. 

Mechanical stimulation has been recognised as a key regulator of 
bone regeneration and healing [23,24]. The ability of − υ materials to 
offer mechanical properties tailored to natural tissue has shown promise 
in improving tissue reconstruction [25]. Moreover, high strains have 
been found to promote faster regeneration in fibrous tissues [26]. Thus, 
− υ biomaterials with high − υ may offer extended mechanical stimulus, 
potentially enhancing tissue reintegration [27,28]. 

The role of porosity in bone scaffolds cannot be underestimated, as it 
influences cell distribution and nutrient supply to grafted and replen-
ished cells [29,30]. Additive manufacturing (3D printing) technologies 
have enabled the fabrication of personalised porous scaffold bio-
materials, offering a suitable approach for patient-specific implants and 
bone scaffolds [31–37]. The integration of additive manufacturing in 
this context has the potential for mass personalisation, revolutionising 
the field [38,39]. Considering the challenges associated with 
stress-shielding and maladapted stress concentration, the question ari-
ses: What properties should be targeted to achieve a higher − υ in porous 
biomaterials? The stiffness (elastic modulus) matching between im-
plants and host bone is crucial [40–43]. This research proposes the 
conception of a high − υ porous biomaterial optimised to attain a tar-
geted stiffness of approximately 18 GPa mimicking an adult tibial crit-
ical size section while preserving other essential parameters for bone 
scaffolds [44–46]. 

For load-bearing implants such as complete joint prostheses (artifi-
cial joints) for elbows, shoulders, knees and ankles, metals and alloys 
have been commonly used, as well as for prosthetic devices, such as 
frames, pins, and screws [17]. Metals have tight inter-atomic bonds that, 
in response to standard compressive strength, offer heightened me-
chanical properties and impact resistance, so generally they bend 
without cracking under high loads. However, under the complex phys-
iological and metabolic characteristics of biological cells, they have poor 
resistance to corrosion [18]. With the exception of commonly used pure 
titanium, owing to its superior mechanical properties, such as hardness 
and corrosion tolerance, alloys are more widely used than metallic 
materials. Common biomaterials used for metallic orthopaedic implants 
are alloys of titanium, cobalt-chromium and stainless steels 316 and 316 
L [19], with the mechanical properties as summarised in Table 1. 

Titanium alloys are frequently employed in the development of 
porous bone scaffolds; however, Cobalt-chromium-molybdenum 
(CoCrMo) superalloy has been chosen as the biomaterial of choice in 
this study because of its high Young’s modulus and density, leading to 
superior stiffness performance. This, in turn, allows for a significant 
opportunity to develop highly porous structures that can reduce stress- 
shielding effects associated with highly stiff implants. 

The use of CoCrMo as the bulk material ensures high porosity while 

maintaining load-bearing ability, critical for functional bone scaffolds. 
The meta-scaffold design parameters are algorithmically modified to 
achieve specific − υ, stiffness, strength, and relative density using a 
validated surrogate model. The resulting meta-scaffolds offers high − υ 
while providing stiffness matching for patient-specific scenario, pre-
senting a promising avenue for tissue reconstruction. Despite the rise of 
designer biomaterials, there is still a lack of porous biomaterial archi-
tectures that offer the high − υ while providing targeted stiffness 
matching [47–51]. To address this gap, this paper presents an open 
framework for the l-PBF of high − υ porous biomaterial meta-scaffolds 
for tibial reconstruction. 

2. Material and methods 

2.1. CoCrMo 

The CoCrMo feedstock used for the laser powder bed fusion (L-PBF) 
process had a composition consisting of Co, Cr, Mo, and trace amounts of 
Si, Mn, Fe, C, and Ni, as indicated in Table 2. With a density of 8300 kg/ 
m3, the feedstock largely features spherical morphology for LPBF as 
shown in Fig. 1a and 1b. Occasional presence of elongated particles were 
also found with attached satellite particles as shown in Fig. 1a. However, 
they were typical of CoCrMo l-PBF feedstock used for dense fabrication 
and does not signify the overall quality of the feedstock. The feedstock 
generally exhibited a spherical shape, with particle sizes ranging from 
7.33 to 47.66 µm as summarised in Fig. 1b, with majority of the particle 
sizes falling below 22 µm. 

2.2. Meta-scaffold design and fabrication 

Efforts to develop materials with − υ have driven the exploration of 
re-entrant architectures, offering an efficient path to achieve the desired 
behaviour. Amongst these architectures, the chevron or bowtie design 
has gained recognition for its high − υ properties [52–54]. This work 
builds on previous research [55] that highlighted the advantages of the 
current re-entrant meta-scaffold in contrast to other auxetic patterns. In 
the field of tissue engineering, particularly in the context of bone scaf-
folds, the selection of an appropriate architectural design is pivotal for 
achieving optimal mechanical properties and cellular responses condu-
cive to tissue regeneration. Amongst various auxetic architectures, 
re-entrant structures have emerged as a promising candidate due to their 
unique geometric features, which offer distinct advantages over tradi-
tional designs. 

Firstly, re-entrant structures exhibit superior mechanical properties 
compared to other auxetic architectures. This assertion finds support in 
studies by Gibson and Ashby [56], who investigated the mechanical 
behaviour of cellular solids and highlighted the significance of geometry 
in determining material properties. The inward bending nature of the 
re-entrant architecture enables the distribution of mechanical loads 
more effectively, thereby mitigating stress concentrations and 
enhancing overall toughness and resilience. This mechanical robustness 
is crucial for bone scaffolds, where the material must withstand 

Table 1 
Mechanical properties of metallic biomaterials used for load-bearing implants 
[14].  

Material Elastic modulus 
(GPa) 

Yield strength 
(MPa) 

Tensile strength 
(MPa) 

Cortical 
bone 

15–30 30–70 70–150 

Stainless 
steel 

190 221–1213 586–1351 

Co-Cr alloy 210–253 448–1606 655–1896 
Titanium 

(Ti) 
110 485 760 

Ti alloy 116 896–1034 965–1103  
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physiological forces while providing a supportive environment for tissue 
ingrowth. 

The re-entrant architecture also offers enhanced porosity control and 
interconnectivity, which are essential for facilitating cell infiltration, 
nutrient diffusion, and tissue regeneration within the scaffold. Studies 
by Kim et al. [25], who demonstrated that the intricate geometry of 
re-entrant structures enables precise tuning of pore size, shape, and 
distribution, thereby promoting optimal cellular responses. The ability 
to control porosity is particularly advantageous in bone tissue engi-
neering, where proper vascularisation and nutrient supply are critical 
for successful tissue regeneration. According to Lee et al. [57], re-entrant 
architectures offer surface characteristics that promote cellular adhe-
sion, proliferation, and differentiation. The curved surfaces and inter-
connected pores of re-entrant structures are suitable for cell attachment 
and interaction, thereby facilitating favourable cellular responses 
post-implantation. 

Building upon existing research [55,58,59], this study adopts a 
re-entrant honeycomb structure to attain the desired − υ characteristics, 
as illustrated in Fig. 2a. The unit cells were assembled to establish 
interconnected porosity suitable for load-bearing tibial scaffolds, while 
minimising overhangs to facilitate laser powder bed fusion (L-PBF) 
without requiring additional support structures. Variable parameters for 

strut thickness (ts) and strut angle (θs) were employed, with values 
ranging from 0.25 to 0.35 mm and 65 to 75◦, respectively. The 
meta-scaffold was then designed by arranging the unit cells in three 
dimensions to reconstruct an 18 mm adult tibial critical-size bone 
scaffold, as depicted in Fig. 2b. This dimension choice aligns with 
commonly encountered tibial critical-size bone defects [60–62]. 

The meta-biomaterial specimens underwent fabrication using the l- 
PBF method with an EOS M290 3D printer. The process parameters for 
building the meta-scaffolds were optimised, maintaining a laser power 
of 290 W, scan speed of 950 mm/s, and hatch distance of 0.11 mm, 
which remained constant throughout fabrication. A protective Argon 
atmosphere was employed in the print chamber during horizontal laser 
beam scanning to melt the CoCrMo particles. Following printing, all 
specimens underwent heat treatment at 1150 ◦C for six hours to ensure 
stress relief. The stress-relieved meta-scaffolds and tensile test samples 
were detached from the base plate using Wire Electrical Discharge 
Machining (EDM). 

2.3. Numerical modelling 

To examine the non-linear behaviour of − υ meta-scaffolds, a vali-
dated finite element (FE) model was utilised based on the surrogate 

Table 2 
Chemical composition of the CoCrMo alloy used for l-PBF.  

Elements Co Cr Mo Si Mn Fe C Ni 

Comp. (wt.%) 60–65 26–30 5–7 ≤1.0 ≤1.0 ≤0.75 ≤0.16 ≤0.1  

Fig. 1. Microscopic analysis of CoCrMo used for l-PBF showing (a) particle shape and (b) particle size.  

Fig. 2. Design evolution of the − υ porous biomaterial showing (a) the unit-cell shape and variable dimensions, (b) the resulting porous tibial meta-scaffold.  
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model. The most suitable material representation chosen for this study 
was the bilinear isotropic strain hardening (BISO) option. This repre-
sentation assumes that the material has a linear region with a slope 
represented by the Young’s modulus (Eblk) of the material, followed by a 
perfectly plastic post-linear region starting at bulk yield stress (σblk). All 
the numerical model’s material parameters were experimentally derived 
from CoCrMo test specimens produced under the same conditions as the 
porous meta-scaffold. The analysis employed a 10-node higher-order 
tetrahedral element that offers quadratic displacement behaviour. 

The BISO model is a constitutive material model used to describe the 
mechanical behaviour of materials subjected to deformation. It is 
commonly employed in finite element analysis (FEA) simulations to 
accurately predict the response of materials under various loading 
conditions. This model assumes that the material exhibits linear elastic 
behaviour up to a certain point, beyond which it undergoes strain 
hardening. In the initial stage of deformation, the material behaves 
elastically, obeying Hooke’s law. This means that the stress is directly 
proportional to the strain, and the material will return to its original 
shape once the load is removed. The stiffness of the material in this 
region is characterised by Eblk, which represents the slope of the stress- 
strain curve. At a certain level of stress, known as the yield stress of the 
bulk material σblk, the material begins to undergo plastic deformation. 
For BISO, the yield point marks the transition from elastic to plastic 
behaviour beyond which the material experiences permanent 
deformation. 

Post-yielding, the material undergoes strain hardening, where its 
resistance to further deformation increases with increasing strain. This 
phenomenon occurs due to microstructural changes within the material, 
such as dislocation movement and rearrangement. The BISO model as-
sumes that the hardening behaviour can be represented by a linear in-
crease in stress with respect to strain beyond the yield point. The stress- 
strain curve informing the BISO model feature two linear segments, the 
first one representing the elastic region followed by the strain hardening 
region. These two segments are connected at the yield point, forming a 
characteristic bilinear curve. The slope of the strain hardening segment 
represents the strain hardening modulus, which quantifies the rate at 
which the material becomes stronger with increasing plastic strain. 

The model assumes that the material’s mechanical properties are 
isotropic, meaning they are independent of the direction of loading. 
However, the l-PBF process used to fabricate the meta-scaffold has the 
potential to introduce material anisotropy due to its layer-by-layer 
fabrication process. Several factors contribute to this anisotropy 
including microstructural variations, residual stresses, surface rough-
ness. The use BISO model in the presence of material anisotropy is 
justified for current study due to the large amount of porosity featured in 
the architecture. Here the mechanical performance is largely driven the 

porous micro-architecture reducing the influence of the relatively 
smaller material anisotropy that is featured in the bulk material. 

During numerical modelling the first attempt is to selection the most 
simplistic material model and to evaluate its suitability during the 
validation cycle that in this case is informed by physical prototype 
testing. Table 6 informs that the numerical model convergence well 
within the experimental performance signified by a difference of 4.05% 
between the two methods. Therefore, using a BISO material model is 
considered appropriate as it offers simplicity in implementation and 
computational efficiency compared to more complex anisotropic 
models. Here, the directional dependence of the bulk material properties 
here can be deemed negligible and the BISO model provides a pragmatic 
compromise between accuracy and computational cost. Thus, while 
anisotropic models may provide greater fidelity to material behaviour, 
BISO model is suitable considering the validation accuracy and 
computational efficiency. 

The crush plates were modelled as rigid bodies on the top and bottom 
surfaces of the meta-scaffold structure (Fig. 3a). The meta-scaffold was 
left unconstrained, free to rotate and deform in all directions. The 
loading process was conducted through 100 sub-steps to avoid spurious 
effects, and deformation was monitored at a high resolution. For the 
modelled end plates, the thickness was inconsequential as load transfer 
through them was not computed. The bottom plate was fixed in all di-
rections, while the top plate was moved 10% of the meta-scaffold’s 
height to simulate axial compression. The connection between the rigid 
bodies and the meta-scaffold was treated as frictional with a constant of 
0.1 to simulate realistic behaviour. The accuracy of the FE model relies 
on creating the best possible discretization (mesh). A finer mesh 
generally provides more precise results by capturing stress gradients 
more effectively. Geometric characteristics with high-stress concentra-
tions require a dense mesh to accurately predict the stress-strain 
behaviour. A mesh convergence study was performed to analyse the 
influence of mesh size on the outputs of interest. The meta-scaffold 
design was meshed with a range (0.3 to 0.04 mm) of element sizes, 
with the resulting force-displacement curve as shown in Fig. 3b. 

The results indicated that there was no significant difference in the 
elastic range of the meta-scaffolds for element sizes below 0.1 mm. 
Hence, a 0.1 mm element size was considered sufficient to predict the 
stiffness and strength of the meta-scaffolds. As the study focused pri-
marily on pre-yield behaviour, a final mesh size of 0.1 mm was chosen to 
model the meta-scaffold designs. This resulted in 2477,887 elements and 
4635,536 nodes, with a solution time of 10,356.7 s. The negative Pois-
son’s ratio was calculated as the numerically evaluated average lateral 
strain divided by the longitudinal strain. 

Fig. 3. Finite element model of the porous biomaterial showing (a) the boundary conditions and (b) the influence of mesh size on the resulting force-displacement 
characteristics. 
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2.4. Development of the proxy-model 

Managing and controlling the contribution of all variables and their 
impact on meta-scaffold design pose challenges. Hence, the variables ts 
and θs were selected for investigating their significance in both the − υ 
and mechanical performance of the meta-scaffold. Four responses 
(Poisson’s ratio, porosity, yield strength, and elastic modulus) were used 
to represent the model in this study. Through the proxy-model, the meta- 
scaffold’s performance can be predicted, revealing the design parame-
ters with the most significant influence. The predictions were obtained 
by fitting simulation data to suitable polynomial equations derived from 
randomised experimental sets. Since there is no universal bone scaffold 
suitable for all patients, developing an optimised scaffold with high − υ 
allows to maximise internal stimulation for bone regeneration. 

The proxy-model was developed using a combination of numerical 
and statistical methods to establish the relationship between design 
parameters and performance measures of the meta-scaffold. The central 
composite design (CCD) response surface methodology was used to form 
the training matrix for the proxy-model [63,64], as it offers high effi-
ciency in sampling and leads to accurate response surface models with 
fewer experiments. All the different steps involved in the development of 
the proxy-model are summarised in Fig. 4. 

For the proxy-model, the relationship between the output responses 
(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 output y. 
Where a 2nd order response surface is informing the proxy-model, y can 
be expressed using Eq. (2): 

y = β0 +
∑k

i=1
βixi +

∑k

i=1
βiix2

i +
∑

i

∑

j
βijxixj + ε (2)  

where β0, βi, βij and βii are the regression coefficients that links the as-
sociation between predictor variables and the response. Subsequently, 
these beta values are employed in the proxy-model to foretell the values 
of x corresponding to a specific response. Through conducting para-
metric analysis, the effects of ts and θs on υ, φ, σy and E can be deter-
mined. After the completion of the parametric analysis, the proxy-model 
can be used to optimise the meta-scaffold architecture to fulfil a desig-
nated multi-objective personalisation criterion. 

Proxy-models find common application in cases where the number of 
input parameters affects the quality or performance of a design [64,65]. 
For this proxy-model, ts and θs are the parametric variables of interest 
due to their impact on both − υ and the mechanical performance of the 
meta-scaffold. Table 3 illustrates how these variables correspond to the 
meta-scaffold, with ts chosen to achieve a balance between porosity and 

Fig. 4. The different steps involved in conceiving and generating the proxy-model for the patient-specific bone scaffold.  

Table 3 
Variables associated with the porous architecture informing the proxy-model 
training matrix.   

Variable θs(deg.) ts(mm)

− 1 65 0.25 
0 70 0.30 
1 75 0.35  
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its ability to deform under load. θs ranges from 65◦ to 75◦, with the lower 
limit representing the highest feasible angle that does not penetrate the 
struts. The upper limit is set at 75◦ to prevent +ve υ behaviour under 
compression. 

2.5. Patient-specific formulation 

The patient-specific personalisation is structured based on the proxy- 
model, allowing for the identification of a personalised solution that 
meets the specified requirements. The criteria can be established by 
integrating various performance objectives related to the design vari-
ables as illustrated by Eq. (3): 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

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

s.t xl ≤ x ≤ xu
(3)  

where xl signifies the lower bounds and xu signifies the upper bounds of 
the variable parameters associated with the personalisation function 
f(x). To devise a personalised high − υ, stiffness-matched tibial meta- 
scaffold, it is crucial to acquire the intended responses as outlined in 
Table 4. These represent the essential design parameters needed to 
achieve the highest lateral strain and maximum − υ, superior strength, 
and a targeted elastic modulus of 18 GPa [66] that corresponds to 
cortical tibial bone. 

2.6. Meta-scaffold destructive testing 

The materials testing apparatus utilized in this study was the Zwick 
1474, which possessed a maximum load capacity of 100 kN. Uniaxial 
tension and compression experiments were performed on the CoCrMo 
bulk material and bone scaffold, respectively, employing this equip-
ment. The experimental configuration included the incorporation of a 
mounted camera to record the deformation process, as visually depicted 
in Fig. 5. Conforming to the BSEN ISO 7500–1 [67] standard, the tests 
were conducted to explore the compressive behaviour of the 
meta-scaffolds. For statistical robustness, three samples from the same 
batch were carefully selected for the analysis. The test samples under-
went loading at a controlled rate of 0.08 mm/s until failure. 

3. Results and discussion 

3.1. Meta-scaffold print quality 

The SEM examination informed by Fig. 6 explored the difference in 
porosity between the ideal and l-PBF meta-scaffolds. The data shows 
that the use of shotblasting to post-process the printed meta-scaffolds 
have been effective with most of the semi-molten and loose powder 
particles completely removed. However, closer scrutiny of the meta- 
scaffold joints as highlighted by ‘a’ and ‘b’ indicates splatter contami-
nation and fused adjacent particles affecting the joint quality of the 
meta-scaffold. Considering the complexity of the meta-scaffold archi-
tecture and the number of joints present, this can contribute to a 
reduction in porosity. This observation aligns with prior investigations 
[68], underscoring the importance of meticulously examining joint 

regions in 3D-printed meta-scaffolds. Furthermore, it also highlights the 
need to consider the tolerance aspects of l-PBF when conceiving porous 
architecture at the micron scale. 

The post-shot blasted surface of the l-PBF meta-scaffolds displayed a 
surface finish of 3–5 µm Ra (average roughness), this roughness could be 
advantageous for bone regeneration, as it provides a favourable envi-
ronment for bone cells to grip into the meta-scaffold’s pores. This feature 
might enhance the meta-scaffold’s integration with surrounding bone 
tissue and promote better bone healing. While the interconnected 
porosity and representative geometry of the fabricated meta-scaffolds 
closely matched the intended CAD (Computer-Aided Design) geome-
try, there was some variation in the average strut thickness (Fig. 6). This 
variation, observed to be approximately 50 µm, has been documented in 
existing literature on l-PBF of thin struts (<300 µm) [69–72]. The cu-
mulative effect of this strut thickness variation resulted in an overall 
porosity reduction of roughly 9.69% compared to the ideal 
meta-scaffold design as summarised in Table 5. Overall, the 
meta-scaffolds exhibited a rough surface finish, potentially favourable 
for bone regeneration, while shot blasting proved effective in reducing 
the presence of semi-molten and loose powder particles. The variation in 
strut thickness, as well as the presence of joint regions, influenced the 
final porosity of the meta-scaffolds. 

3.2. Finite element analysis 

3.2.1. Verification of accuracy 
The stress-strain behaviour of the 3D printed meta-scaffold was 

analysed both experimentally and numerically. Fig. 7. reveals that the 
numerical results closely mirror the elastic behaviour of the meta- 
scaffolds, indicating its capability to predict the mechanical response 
accurately. To characterise the validity of the numerical model, Table 6 
compares key material parameters between numerical and physical test 
data namely the elastic modulus (E), yield stress (σy), and Poisson’s ratio 
( − υ) of the meta-scaffold. The comparison reveals a consistent trend 
between the two methods, with differences of 1.19%, 4.05% and 2.127% 
for E, σy and − υ respectively. Notably, Poisson’s ratio remains negative, 
signifying auxetic behaviour in both numerical and physical test cases. 

Overall, the stress-strain data indicates that the numerical model 
accurately predicts key mechanical parameters with an accuracy of 
96.43%. The slight discrepancies observed between the numerical 
model and physical test data can be attributed to dimensional deviations 
during 3D printing as revealed in Fig. 6. Previous studies [73–78] have 
documented variations in geometry due to the stair-step effect and 
partly fused powder on the surface, which become increasingly 

Table 4 
Personalisation scenario used to develop high − υ, patient-specific porous meta- 
scaffold.  

Personalisation parameters Expectation Explanation 

Negative Poisson’s ratio ( − υ) Maximise Highest elastic strain 
Elastic modulus (E) 18 GPa Targeted stiffness matching 
Yield strength 

(
σy
)

Maximise High strength 
Porosity (φ) Maximise High porosity  

Fig. 5. Destructive material testing of the bulk material and meta- 
scaffold prototypes. 
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significant for porous and geometrically complex thin-walled structures 
like those studied here. While experimental data considers all irregu-
larities, numerical models assume an idealised, homogeneous structure 
based on CAD designs, free from surface irregularities. Despite these 
challenges, the comparison of test data demonstrates reasonable 
agreement, indicating that the numerical meta-scaffold model can be 
used for parametric analysis. 

3.2.2. Stress distribution in the meta-scaffold 
During elastic compression of meta-scaffolds, macroscopic stresses 

generated within the material are proportional to the resulting strain (ε). 
Fig. 8 shows that the meta-scaffold experiences low stresses due to 
higher ε and Poisson’s ratio ( − υ). For the auxetic meta-scaffold under 
examination, stress concentrations were notably observed at the joints, 
while stress distribution throughout the meta-scaffold volume appeared 
to be relatively uniform. Stress concentrations at joint regions are 
common in meta-scaffold structures, particularly those with complex 
geometries or irregular unit cells. These regions often serve as focal 
points for mechanical failure, where localised stresses can exceed the 
material’s yield strength, leading to structural damage or collapse. 

The geometry of the unit cell plays a pivotal role in determining how 
stress is distributed within the meta-scaffold structure, and gaining 
deeper insights into this distribution is essential for developing effective 
design guidelines. In cellular structures, stress concentration induced by 
geometry has a more significant impact on mechanical behaviour and 
failure than relative density alone [79]. Salimon et al. [80] attempted to 
establish relationships between stress (σy) and relative density (ρr) for 
cellular structures revealing that the inconsistencies between theoretical 
and experimental results were largely driven by stress concentration 
effects. However, literature [81–83] have also shown that certain 
meta-scaffold designs are more susceptible to stress concentration 
leading to premature failure. Nevertheless, the precise correlation be-
tween stress concentration and auxetic bone meta-scaffolds, remains an 
area yet to be explored. 

3.3. Proxy-model for personalised response 

3.3.1. Training matrix and regression analysis 
Using a training matrix and regression analysis, a proxy-model was 

developed linking the geometrical inputs ts and θs to the desired outputs 
for υ, φ, σy and E. A total of 13 training experiments were conceived 
featuring two input design as shown in Table 7. Meta-scaffold designs 
were generated for each training experiment case featuring the respec-
tive input parameters and evaluated for the four output responses with 
results as summarised in Table 7. This approach enables exploration of a 
wide range of variables and their interrelationships, significantly influ-
encing meta-scaffold properties. The training matrix is used to inform 
proxy-model for the meta-scaffold that enables accurate prediction of 
mechanical properties. 

Subsequently, best-fit indicators for the results were calculated. 
Linear models were found to effectively characterise φ, υ and E as listed 
in Eqs. (4), (5), and (6), respectively. However, σy exhibited a quadratic 
trend, indicating interaction effects amongst input parameters as 
expressed in Eq. (7): 

Fig. 6. Meta-scaffold morphology showing effect of l-PBF on wall thickness and variation of joints compared to the ideal. The highlighted sections indicated ‘a’ and 
‘b’ reveal splatter contamination and accuracy of edges at strut joints. 

Table 5 
Change in porosity observed between l-PBF meta-scaffolds and their ideal CAD 
counterpart.  

Properties Patient-specific meta-scaffold 

Ideal L-PBF % Difference 

Porosity (%) 80.49 73.05 9.69  

Fig. 7. Comparison between the stress-strain curves informed by numerical 
model and destructive tests. 

Table 6 
Difference between the numerical and physical test data.  

Properties EXP FEA % Difference 

E (GPa) 1.66 1.68 1.19 
σy(MPa) 71 74 4.05 
υ − 0.240 − 0.235 2.13  
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φ = 106.23 − 126.78t + 0.16θ (4)  

υ = − 1.38 − 2.03t + 7.24e− 3θ (5)  

E = − 57.56 + 144.59t + 0.42θ (6)  

σy = 1106.34 − 3245.44t − 19.81θ + 24tθ + 3400t2 + 0.1θ2

(7)  

3.3.2. Accuracy of the proxy-model 
Prior to employing the proxy-models for parametric analysis, anal-

ysis of variance (ANOVA) was conducted to ascertain their accuracy 
[84–86]. The proxy models were used to explore the correlation be-
tween design inputs and the output performance of the auxetic bone 
meta-scaffold. Table 8 provides a summary of the adequacy measures 

used to evaluate the quality of the proxy model. Substantial F-values and 
low p-values were observed for all the four proxy-models, indicating 
their statistical significance. P-values below 0.05 suggest significant 
model terms. Notably, the p-values for all generated models (Eqs. 
(4)-(7)) are below 0.0001 signifying high accuracy [87]. 

Furthermore, all models demonstrate an adequate precision ratio 
exceeding 4, indicating minimal noise in the model [52,87–91]. Addi-
tionally, high R2 values (>0.9) across all models suggest favourable 
agreement for the proxy-model. The ANOVA analysis confirms the ac-
curacy of all four proxy-models, enabling parametric analysis within the 
considered range of design variables. After the ANOVA assessment, the 
relationship between finite element and proxy-model predictions was 
examined (Fig. 9). Notably, for all evaluated responses (φ,E, υ and σy), 
the predictions of the proxy-model closely aligned with numerical re-
sults represented by the diagonal dotted line. Expanding on these find-
ings, it is essential to acknowledge the significance of accurate 
proxy-models in informing material design and engineering processes. 
By providing insights into the complex relationships between geometric 
parameters and material properties, the proxy-model developed here 
facilitate optimisation of the meta-scaffold for personalised 
performance. 

3.4. Meta-scaffold performance 

3.4.1. Porosity 
Analysis of the data in Fig. 10 highlights the significant impact of 

strut thickness on porosity, as evidenced by the gradient of the slope in 
Fig. 10a, followed by the influence of the strut angle (Fig. 10b). The 
linear increase in porosity with decreasing strut thickness reveals a 
direct correlation between the two parameters. A comparable trend is 
observed for strut angle albeit with a shallower linear slope, indicating 
its lesser but still notable influence on porosity. This is because as strut 
thickness decreases, the relative density of the meta-scaffold diminishes. 
Thinner struts occupy less volume within the structure while still 
providing structural support. 

This reduction in volume occupied by the struts allows for more 
space between them, consequently increasing the overall porosity of the 
meta-scaffold. The linear relationship between decreasing strut thick-
ness and increasing porosity is thus expected, reflecting the direct 
impact of this parameter on the structural composition of the meta- 
scaffold. Similarly, the strut angle influences the length and orienta-
tion of the struts within the meta-scaffold. Increasing angle leads to a 
reduction in the effective length of the struts due to the re-entrant ar-
chitecture, whereby the struts curve inward. This reduction in strut 
length effectively increases the gaps or void spaces within the meta- 
scaffold, promoting greater porosity. Insight into the combined impact 

Fig. 8. Numerical evaluation reveals stress distribution in the auxetic meta-scaffold under axial compression, illustrating uniform stress distribution along the top 
surface and variations in stress levels across the unit cell cross-section. The von Mises scale indicate areas of high stress as potential failiure locations when safe load 
is exceeded. 

Table 7 
Input and output parameters informing the training matrix for personalised 
meta-scaffold.  

Training 
experiment 

Input Output  

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

1 0.30 70 − 0.27 79.75 46 14.89 
2 0.34 66 − 0.21 73.95 60 19.08 
3 0.30 70 − 0.27 79.75 46 14.89 
4 0.26 66 − 0.38 83.77 30 08.60 
5 0.34 74 − 0.16 75.50 80 22.58 
6 0.30 65 − 0.28 78.93 44 12.91 
7 0.30 75 − 0.22 80.43 52 16.79 
8 0.30 70 − 0.27 79.75 46 14.89 
9 0.30 70 − 0.27 79.75 46 14.89 
10 0.35 70 − 0.19 73.46 76 22.6 
11 0.30 70 − 0.27 79.75 46 14.89 
12 0.26 74 − 0.31 84.71 38 11.48 
13 0.25 70 − 0.37 85.36 32 08.94  

Table 8 
ANOVA signifying the accuracy of the proxy-model developed for personalised 
− υ bone meta-scaffold.  

Model F-value p-value Statistical measurements 

R2 Adj-R2 Pre-R2 Adeq-precision 

φ 844.03 < 0.0001 0.9941 0.9929 0.9877 84.8287 
E 466.58 < 0.0001 0.9894 0.9873 0.9786 61.0712 
υ 131.63 < 0.0001 0.9634 0.9561 0.9202 31.8144 
σy 74.97 < 0.0001 0.9817 0.9686 0.8696 26.4704  

C.T. Wanniarachchi et al.                                                                                                                                                                                                                     



Annals of 3D Printed Medicine 15 (2024) 100163

9

of strut thickness and angle on porosity can be found in Fig. 10c. 
Porosity seems to be primarily relying on ts, with θs playing a secondary 
role in determining meta-scaffold porosity. Decreasing ts and increasing 
θs lead to a linear rise in porosity, peaking at 85.36% for the lowest ts and 
highest θs configurations. This suggests that thinner struts diminish the 
structure’s relative density, thereby elevating porosity, while increasing 
angle reduces strut length, similarly enhancing porosity. 

Considering the interplay between design inputs, the lowest porosity 
(73.46%) occurs at the highest ts and lowest θs values, with the converse 
yielding the highest porosity. Although the interaction effect between ts 
and θs influences porosity, its cumulative impact appears moderate, as 
depicted in Fig. 10c. Consequently, porosity modulation primarily 
hinges on varying ts. The preeminent influence of thickness underscores 

its pivotal role in dictating porosity within the meta- scaffold. Overall, 
the first-order effects of ts is the most significant parameter on porosity 
for the meta-scaffold. This suggests that reducing ts yields higher 
porosity compared to a similar increment in θs. 

3.4.2. Elastic modulus 
Fig. 11 shows that the elastic modulus of the meta-scaffold is pri-

marily dependant on the thickness parameter (Fig. 11a) and slightly on 
angle (Fig. 11b) linearly. Elastic modulus increases consistently with the 
rise in ts and θs, leading to the highest value of 22.6 GPa at their 
maximum, as shown in Fig. 11c. The reason for the significant influence 
of ts on the elastic modulus of the meta-scaffold lies in its direct impact 
on the structural integrity and material density. When the thickness 

Fig. 9. Evaluating the accuracy of the proxy-model prediction (diagonal dotted line) with that of finite element results (point cloud) for the meta-scaffold showing (a) 
porosity, (b) elastic modulus, (c) negative Poisson’s ratio and (d) yield strength. 

Fig. 10. The impact of geometrical variables on meta-scaffold performance showing (a) the effect of strut thickness on porosity, (b) strut angle on porosity, and (c) 
the mutual reliance of strut thickness and angle on porosity. 
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increases, it results in a denser structure with more material to resist 
deformation and distribute loads. This increased density leads to higher 
stiffness and, consequently, a higher elastic modulus. 

On the other hand, while θs also plays a role in influencing E, its 
effect is somewhat secondary. The angle affects the spacing and 
arrangement of the structural elements within the scaffold. A higher θs 
helps to spread the beams further apart, which can reduce the likelihood 
of buckling and enhance the elastic modulus by allowing for better load 
distribution. However, this effect is typically not as pronounced as the 
impact of thickness. Therefore, due to its direct influence on material 
density and structural integrity, changes in ts have a more significant 
and direct effect on the elastic modulus of the meta-scaffold compared to 
alterations in θs. 

While ts is the most significant design variable driving the stiffness of 
the meta-scaffold, θs can also be seen to influence the performance. This 
means modulating both thickness and angle can influence E at different 
rates. Fig. 11c shows that although there is a certain interdependence of 
the geometrical variables, E is still largely driven by ts. As such, 
increasing ts will yield a higher E in comparison to increasing the same 
amount of θs. Overall, the first-order effect of ts is the most significant, 
followed by the θs on the stiffness of meta-scaffold. 

3.4.3. Negative Poisson’s ratio 
The negative Poisson’s ratio of the meta-biomaterial is observed to 

be contingent upon both ts and θs, as evidenced in Fig. 12, indicating a 
variation in lateral strain based on the values of these design parameters. 

− υ demonstrates a linear increase, albeit at a slower pace, in correlation 
with ts (Fig. 12a), compared to the reduction in θs (Fig. 12b), as indicated 
by the distinct slopes of the linear trend. The lowest angle and thickness 
correspond to the highest − υ value, as shown in Fig. 13c. The reason 
behind the significant influence of ts and θs on the negative Poisson’s 
ratio of the meta-scaffold lies in their effects on the material’s structural 
arrangement and behaviour under loading conditions. 

Firstly, ts influences − υ by affecting the relative density and porosity 
of the meta-biomaterial. As ts decreases, the relative density decreases 
while porosity increases. This change in density and porosity alters the 
scaffold’s ability to deform laterally when subjected to axial loads, 
thereby affecting its negative Poisson’s ratio. Lower thickness allows for 
more lateral deformation, leading to higher − υ values. Secondly, θs 
impacts − υ by influencing the distribution of the axial load within the 
material. Larger angles result in more material being influenced by the 
axial load, which can lead to increased lateral strain and higher − υ 
values. Overall, the most influential factors determining − υ are the first- 
order effect of ts followed by θs. Consequently, the − υ of the meta- 
biomaterial can be modulated by adjusting both thickness and angle 
to achieve the desired performance. 

3.4.4. Yield strength 
The yield strength of the meta-scaffold is predominantly influenced 

by ts with a minor effect from ts, as shown in Fig. 13a and 13b, respec-
tively. This observation arises from the significant impact of porosity on 
material deformation. As thickness increases, the relative density also 

Fig. 11. The impact of geometrical variables on meta-scaffold performance showing (a) the effect of strut thickness on elastic modulus, (b) strut angle on elastic 
modulus, and (c) the mutual reliance of strut thickness and angle on elastic modulus. 

Fig. 12. The impact of geometrical variables on meta-scaffold performance showing (a) the effect of strut thickness on Poisson’s ratio, (b) strut angle on Poisson’s 
ratio, and (c) the mutual reliance of strut thickness and angle on Poisson’s ratio. 
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rises, resulting in higher strength due to increased material resistance 
against plastic deformation. Both thickness and angle exhibit a quadratic 
relationship with σy, demonstrating a consistent increase in yield 
strength as both parameters rise. Fig. 13c indicates a notable interaction 
effect between the design parameters, showcasing the highest yield 
strength when both ts and θs reach their peaks. The order of influence on 
the yield strength of the meta-biomaterial is primarily ts>θs> tsθs. 

The quadratic relationship observed for both thickness and angle 
indicates that the yield strength increases consistently with increases in 
these parameters, but the rate of increase may vary. Moreover, the 
interaction effect between thickness and angle suggests that their com-
bined influence on yield strength is significant, with the highest yield 
strength achieved when both parameters are optimised. The diverse 
effects of design variables on porosity and mechanical performance 
underscore the potential for tailored performance through parameter 
modulation. 

Materials with high negative Poisson’s ratio hold promise for load- 
bearing tissue engineering scaffolds. Such architectures exhibit local-
ised shrinking under axial loads and demonstrate arch-shaped bending 
behaviour, effectively resisting bending deformation while maintaining 
compatibility with the host bone. Literature shown that this kind of 
material possesses many advantages compared to conventional coun-
terparts [92]. Furthermore, other physical properties including hardness 
[93], shear resistance [94] and energy absorption [95] are improved. 
Although not directly targeting bone scaffolds, increasing number of 
materials with negative Poisson’s ratio are being investigated for 
numerous applications. 

3.5. Performance personalisation 

When there is a need to conceive multiple performance targets, the 
adoption of a multi-dimensional decision-making methodology becomes 
imperative [96]. This approach builds upon the proxy-model established 
for the relevant performance parameters to discern an optimal solution 
satisfying various desirability criteria [97–99]. The ideal meta-scaffold 
should fulfil several personalised performance criteria, including maxi-
mizing − υ to achieve micro-strain stimulation, achieving a stiffness of 
18 GPa akin to adult cortical bone to avert stress shielding and mal-
adapted stress concentration, and maximizing yield strength while up-
holding high porosity for optimal compressive strength and bone 
reintegration support. Consequently, the meta-scaffold performance 
personalisation problem can be formulated using Eq. (8): 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Maximise σy = f1(θs, ts)

Maximise φ = f2(θs, ts)

Maximise − υ = f3(θs, ts)

s.t E = 18 GPa

s.t 65.0 ≤ θs ≤ 75.0

s.t 0.25 ≤ ts ≤ 0.35

(8) 

The process of multi-dimensional decision-making often involves 
dealing with multiple responses, resulting in the generation of numerous 
solutions. To consolidate these solutions into a unified objective, a 
desirability function is employed, denoted as D, which aligns with the 
desirable range for each response (di). The desirability approach is a 
widely adopted strategy to tackle such complexities. It operates under 
the assumption that the desired outcome encompasses multiple 
favourable characteristics, and any solution deviating from these desired 
limits is considered unacceptable. The desirability method facilitates the 
representation of the least and most desirable outcomes within the range 
of 0 to 1. When there are n responses, the multi-dimensional decision- 
making function is expressed as the geometric mean of all transformed 
responses, as outlined in Eq. (9): 

D = (d1⋅d2⋅…⋅dn)
1
n =

(
∏n

i=1
di

)1
n

(9) 

Fig. 14 illustrates the solution to the meta-scaffold personalisation 
criterion, showcasing the desirability objective concerning the strut 
angle and thickness of the meta-scaffold. At the specific values detailed 
in Table 9, the desirability reached its maximum achievable value of 1. 
This means that a meta-scaffold featuring the design parameters sum-
marised in Table 9 can achieve the performance personalisation target 
conceived by Eq. (8). 

The multi-dimensional decision-making solution presented in Fig. 14 
reveals the essential design parameters necessary for fabricating the 
personalised meta-scaffolds. Table 9 outlines the predicted optimal so-
lution for the meta-biomaterial, meeting all desirability criteria, 
including stiffness matching to host tibial bone and a high negative 
Poisson’s ratio to maximise micro-strain effect. Fig. 14 indicate that the 
highest desirability score correlates closely with the lowest strut angle 
and the highest stut thickness of the meta-scaffold. In order to confirm 

Fig. 13. The impact of geometrical variables on meta-scaffold performance showing (a) the effect of strut thickness on yield strength, (b) strut angle on yield 
strength, and (c) the mutual reliance of strut thickness and angle on yield strength. 

C.T. Wanniarachchi et al.                                                                                                                                                                                                                     



Annals of 3D Printed Medicine 15 (2024) 100163

12

the personalised performance, the meta-scaffold design featuring the 
optimum design parameters was generated and characterised as with 
results summarised in Fig. 15. The resulting stress profile according to 
von-Mises criteria highlights a stronger meta-scaffold exhibiting the 
desired characteristics, as summarized in Table 10. A detailed compar-
ison between the proxy-model and FE predictions of the personalised 
meta-scaffold is provided in the same table. 

Comparing the results predicted between the two methodologies 
(Table 10) it can be seen that the proxy-model slightly overestimated the 
Poisson’s ratio, yield strength, and elastic modulus by 3.04%, 2.37%, 
and 2.61%, respectively, while underestimating the porosity by 0.4%. 
Nonetheless, the results indicate that the optimal design offers a meta- 
scaffold with desirable characteristics, ensuring high Poisson’s ratio 
performance and stiffness matching behaviour. Consequently, the opti-
mum meta-biomaterial presents a promising solution for bone scaffold 
applications where high Poisson’s ratio and stiffness matching to host 
bone are essential. The outcomes of this investigation confirm the pre-
cision of the proxy-model in evaluating the mechanical behaviour of the 
re-entrant meta-scaffold at an accuracy of 96.9%. This offers significant 

potential for developing meta-scaffolds with personalised functionalities 
to suite a range of targeted performances. These findings offer valuable 
insights for the personalised reconstruction of critical-size defects with 
tailored mechanical responses. 

3.6. Future prospects 

Co-Cr alloys have a higher elastic modulus, density, and stiffness 
compared to bone, resulting in greater stress shielding than Ti and Ti 
alloys. The excessive structural stiffness of Co-Cr alloy can be addressed 
through 3D printing. By integrating nano- and micro-geometry into the 
alloy, it is plausible to decrease the elastic modulus and minimize the 
stiffness discrepancy between the alloy and bone. The proxy-model 
developed in this study offers a methodology for developing precision- 
driven design and fabrication of load-bearing stiffness matched meta- 
scaffolds. Personalised mechanical performance of meta-scaffolds can 
lead to more effective reconstruction of load bearing critical size bone 
defects, resulting in better clinical outcomes. 

The opportunity to utilise topology optimisation [100] techniques in 
meta-scaffold design is compelling. Whilst well-established in mechan-
ical structure optimisation, extending this methodology to 
meta-scaffolds offers compelling prospects. The intricate geometries and 
material compositions inherent in meta-scaffolds necessitate tailored 
optimisation strategies. Future programs will investigate the potential of 
topology optimisation in enhancing meta-scaffold design, considering 
mechanical performance alongside critical parameters such as biocom-
patibility and manufacturability. Integration of these methodologies 
may yield meta-scaffolds with superior mechanical properties, enriching 
their functionality for biomedical applications. 

3.7. Potential challenges for commercialisation 

The presented architecture and more generally the commercialisa-
tion of l-PBF for personalised load-bearing architectures for critical size 
tibial reconstruction faces several challenges. The primary concern is the 
need for precise control over the manufacturing process to ensure the 
reproducibility and reliability of the implants. This involves optimising 
parameters such as laser power, scanning speed, and powder quality to 
achieve desired mechanical properties and dimensional accuracy. 

Fig. 14. Outcome of the multi-dimensional decision-making solution showing 
the design parameters required to create the personalised meta-scaffold. 

Table 9 
Predicted design parameters to create the personalised meta-scaffold with all 
desirable functionalities.  

Number ts (mm) θ s(Deg.) Desirability 

1 0.325 67.93 1  

Fig. 15. Stress distribution of the stiffness matched personalised meta-scaffold identified by the proxy-model.  

Table 10 
Performance of the personalised meta-scaffold predicted by the proxy and nu-
merical models.  

Item υ φ E σy 

Predicted − 0.230 76.042 18.00 58.59 
FEM − 0.223 76.351 17.53 57.20 
% Difference 3.04 0.40 2.61 2.37  
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Given the critical nature of load-bearing implants, stringent regula-
tory requirements must also be met to ensure patient safety and efficacy. 
This involves comprehensive testing to demonstrate the biocompati-
bility, mechanical strength, and long-term durability of the implants. 
The scalability and cost-effectiveness are also significant considerations. 
While l-PBF offers the advantage of producing complex geometries with 
excellent material properties, the high initial capital investment and 
operational costs may limit its widespread adoption for personalised 
implants. Streamlining production processes and optimising material 
usage are essential to make personalised tibial reconstruction econom-
ically viable. 

Addressing these challenges will require collaboration between re-
searchers, clinicians, regulatory bodies, and industry partners to 
advance l-PBF technology, establish standardised protocols, and navi-
gate regulatory pathways. Despite the hurdles, the potential benefits of 
personalized load-bearing implants for tibial reconstruction, including 
improved patient outcomes and reduced risk of complications, make this 
endeavour worth pursuing. 

4. Conclusion 

This study explored the transformative potential of CoCrMo super-
alloy and laser powder bed fusion additive manufacturing technique for 
the development of personalised meta-scaffolds signified by high nega-
tive Poisson’s ratios. The methodology succeeded in crafting a CoCrMo 
meta-scaffold with precisely tuned negative Poisson’s ratios and tar-
geted elastic modulus matching the stiffness of an adult tibia. Revealing 
a proxy- model, the study characterised the impact of input design 
variables, including strut thickness (ts) and angle (θs) on targeting per-
formance parameters such as negative Poisson’s ratio ( − υ), porosity 
(φ), strength (σy), and elastic modulus (E) specific to meta-scaffold. This 
methodological framework facilitated the creation of meta-scaffold 
tailored to withstand the rigors of load-bearing tibial reconstruction 
applications. The resultant meta-scaffold showcased a diverse spectrum 
of − υ, φ, σy, and E spanning from − 0.16 to − 0.38, 73.46–85.36%, 
30–80 MPa, and 8.6–22.6 GPa, respectively. The multi-dimensional 
decision-making algorithm unveiled a personalised meta-scaffold of-
fering a negative Poisson’s ratio of 0.223 coupled with a targeted E of 
17.53 GPa, while upholding strength and porosity of 57.2 MPa and 
76.35%, respectively. Parametric analysis showed a linear correlation 
for Poisson’s ratio, porosity and elastic modulus with strut thickness 
exerting a predominant influence over strut angle. However, yield 
strength demonstrated a quadratic association with the same design 
variables. When it comes to modulating meta-scaffold performance the 
primary influence was for strut thickness followed by angle in the order 
ts>θs, where their interplay proved consequential, particularly for σy. 
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