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Merging strut-based and minimal surface meta-biomaterials: Decoupling 
surface area from mechanical properties 

H.M.A. Kolken *, S.J.P. Callens , M.A. Leeflang , M.J. Mirzaali , A.A. Zadpoor 
Department of Biomechanical Engineering, Delft University of Technology, Delft, The Netherlands   
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A B S T R A C T   

The rational design of bone-substituting biomaterials is relatively complex because they should meet a long list of 
requirements for optimal performance. Meta-biomaterials are micro-architected materials that hold great 
promise for meeting those requirements as they offer a unique combination of mechanical, mass-transport, and 
biological properties. There are, however, inherent couplings between the different types of properties of many 
such materials that make it impossible to simultaneously achieve all the design criteria. An example of such a 
coupling exists between the mechanical properties and the surface area. Strut-based, metallic meta-biomaterials 
are known to offer bone-mimicking mechanical properties, but they have limited surface area for cell adherence. 
Increasing the surface generally results in an undesirable increase in the mechanical properties that could lead to 
stress shielding. Here, we combine strut-based lattices with minimal surfaces to decouple these two properties. 
We added minimal surface patches to the designs of both auxetic and non-auxetic meta-biomaterials while 
minimizing their contribution to the mechanical properties of the resulting meta-biomaterials through the 
rational application of cuts or “slits”. All designs were additively manufactured using selective laser melting and 
mechanically tested to obtain their quasi-static mechanical properties, including their Poisson’s ratio, in two 
configurations. A finite element-based computational homogenization code was used to compute the elastic 
moduli and anisotropy of the structures. The results show that the minimal surface patches substantially increase 
the available surface area without significantly affecting the mechanical properties. Without the slits, the sur-
faces significantly affected the elastic modulus and deformation behavior of the meta-biomaterials. A similar 
strategy could be used to tune the biodegradation rate of biodegradable metals and the permeability of meta- 
biomaterials in general.   

1. Introduction 

The fundamental idea behind metamaterials is that their macroscale 
properties can be tuned through slight alterations in their microscale 
architecture. This geometry-property connection has been exploited to 
develop various metamaterials with unusual mechanical properties 
[1–3]. Bone tissue engineering is one of the disciplines that could benefit 
from these designer materials, since bone implants should meet a long 
list of requirements for optimal performance. 

These requirements go far beyond simply solving the long-standing 
problem of stress-shielding, now that the world population is aging 
and the prevalence of osteoarthritis is rising, especially among younger 
patients [4–6]. Within the context of bone tissue engineering, these 
so-called meta-biomaterials are designed to meet the requirements 
regarding the mechanical, mass-transport and biological properties of an 

optimal bone substitute [1,2,7]. Targeting several properties at once 
introduces a certain level of complexity, since most properties are 
coupled through the geometry of the structure. One could for instance 
increase the mechanical properties of a meta-biomaterial by increasing 
its relative density, but this generally results in a lower porosity and a 
smaller pore size. These morphological features have been proven 
essential in promoting bone tissue regeneration and osseointegration, 
and should, therefore, stay within the experimentally defined limits [8]. 

While decoupling the aforementioned properties is challenging, it is 
not impossible. The advances in multi-material additive manufacturing 
have enabled the spatial distribution of multiple materials across one 
single volume. Every voxel of printed materials can now be programmed 
to exhibit different material properties than the next, owing to the 
different properties of the base materials used [9–11]. We recently 
proposed a new parametric design strategy to decouple the elastic 
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properties and permeability of triply periodic minimal surfaces (TPMS), 
through the allocation of hard, soft, and void phases [12]. To date, the 
above-mentioned multi-material additive manufacturing techniques 
have only been applied in combination with hard and soft polymers, 
which limits its application in (load bearing) bone substitutes. 

Metals and their alloys are highly attractive materials for skeletal 
repair [13]. Stainless steels, cobalt-based alloys (e.g., CoCrMo), and ti-
tanium (Ti) as well as its alloys (Ti-6Al-4V) have established themselves 
as biocompatible metallic biomaterials that offer superior mechanical 
strength and high degrees of corrosion resistance [13,14]. However, 
their bulk properties generally exceed those of the bony tissue, which 
may result in stress shielding and ultimately implant loosening [15,16]. 
Porous metallic bone scaffolds have, therefore, been introduced to 
reduce the amount of material and, thus, the mechanical properties. 
With the introduction of laser powder bed fusion techniques such as 
selective laser melting (SLM), it is now possible to manufacture these 
complex micro-architectures using metallic powder as feedstock. These 
rather complex 3D shapes often consist of strut-based arrays of unit cells, 
which gives them sufficient porosity to not only accommodate tissue 
integration, but to also decrease their mechanical properties to the level 
of the native bony tissue [17]. 

Strut-based meta-biomaterials, therefore, form a promising basis for 
bone tissue regeneration, but they do limit the amount of surface area 
available for cell adhesion. To increase the surface area, one could in-
crease the strut thickness, but this would lead to substantially increased 
mechanical properties. In this study, we propose a new strategy to 
decouple the mechanical properties of metallic meta-biomaterials, 
including their Poisson’s ratio, from the surface area available for cell 
adhesion. This approach combines strut-based lattices with extraordi-
nary properties (e.g., negative Poisson’s ratio (NPR)) with minimal 
surfaces. Strut-based lattices and minimal surfaces have been widely 
studied within the context of bone tissue engineering [1–3,18], serving 
as templates for bone substitutes that could mimic the complex geom-
etry of native bone tissue [19]. The properties of strut-based lattices can 
be tuned to recapitulate the mechanical characteristics of the host bone, 
while minimal surfaces are mechanically efficient and famed for their 
fascinating geometrical features. Here, we propose to add minimal 
surface patches to the designs of both auxetic and non-auxetic meta--
biomaterials while minimizing their contribution to the effective me-
chanical properties of the meta-biomaterials through the rational 
introduction of cuts or ’slits’. Control groups are used to compare the 
properties of the resulting meta-biomaterials with those of strut-based 
lattices without the minimal surface patches and to geometrically 
similar designs without the rational application of the slits. All designs 
were additively manufactured and mechanically tested to measure the 
quasi-static mechanical properties. Digital image correlation (DIC) was 
used to measure the local displacements and hence, the Poisson’s ratio. 
Finite element (FE) simulations were run to compute the effective elastic 
modulus and anisotropy of the structures. 

2. Materials and methods 

2.1. Design of auxetic and non-auxetic meta-biomaterials 

In this work, we propose an approach to increase the surface area of 
several meta-biomaterials independently of their mechanical properties. 
This rational approach relies on adding surface patches to specific re-
gions of strut-based lattices and adding cuts or ’slits’ to the surfaces to 
limit their contribution to the overall mechanical properties. In princi-
ple, this procedure could be applied to any type of strut-based lattice 
structure. However, we have chosen for the widely studied hexagonal 
honeycomb (i.e., non-auxetic) and its auxetic counterpart, the re-entrant 
hexagonal honeycomb [20,21]. This choice of unit cell allows us to 
readily vary the Poisson’s ratio of the resulting meta-biomaterials and 
achieve both positive (PPR) and negative (NPR) values of the Poisson’s 
ratio. The lattices were designed in Solidworks (Dassault Systèmes, 

Vélizy-Villacoublay, France). The structures consisted of a 5 × 5 × 5 unit 
cell array with a strut thickness of 400 µm. Previous work has shown that 
the aspect ratio (a/b) and structural angle (θ) of the unit cells both in-
fluence the mechanical properties of the structure as a whole (Fig. 1A-B) 
[1,20]. A constant aspect ratio of 1.5 and uniform cell width of 2.36 mm 
were chosen for both non-auxetic (C) and auxetic (A) lattices as well as a 
115◦ and 65◦ structural angle (θ), respectively. The exact unit cell di-
mensions can be found in Table 1. 

To decorate the lattices with surface patches, closed-loop ’wire-
frames’ without self-intersections were identified in the unit cells to 
which the surfaces could be attached (Fig. 1). When considering the 
lattice as a mathematical graph, such closed wireframes correspond to 
cycles in the graph. In some cases, these closed wireframes could be 
planer polygons (e.g. the square face of the simple cubic lattice), but in 
general these wireframes are skew polygons [18]. To define a surface 
spanning a skew n-gon (with n representing the number of edges), the 
minimal surface spanning that n-gon was numerically computed using 
Surface Evolver [22]. For any given wireframe, the minimal surface is 
the surface of minimal area, and all minimal surfaces are characterized 
by a vanishing mean curvature and a negative (or zero) Gaussian cur-
vature. The triangulated minimal surfaces obtained using Surface 
Evolver were converted to solid patches (i.e. were assigned a thickness) 
by offsetting the mesh vertices in their normal directions and closing off 
the resulting parallel meshes along their boundaries. This operation, 
which was performed using some of the functions of the Gibbon toolbox 
(tesGroup, patchNormal) in Matlab (version 2018b, Mathworks, Natick, 
MA, USA) [23], resulted in minimal surface patches with a thickness of 
200 µm. The surface patches were exported in the STL file format and 
imported into Solidworks, to be assembled with the lattices (with sur-
faces and without the slits = WS) (Figs. 2B and F). For the designs with 
surfaces and slits (with slits = S), the surface patches were cut into 
several pieces, in such a way that each disconnected piece was only 
connected to one single strut, effectively disabling load transfer from 
one strut to another through the surface patches. A 175 µm diagonal cut 
was made and sides were cropped by 120 µm, resulting in two triangular 
surfaces patches (Figs. 2C and G). The assembled structures were com-
bined and exported in the STL file format. 

2.2. Additive manufacturing of metallic meta-biomaterials 

The specimens were manufactured with SLM using an SLM125 ma-
chine (Realizer GmbH, Borchen, Germany). The machine was equipped 
with a 400 W Ytterbium fiber laser (IPG Photonics Corporation, Oxford, 
USA). Spherical, plasma-atomized Ti-6Al-4V ELI powder with a particle 
size of 10–45 µm (AP&C, Boisbriand, Canada) was used as the feedstock. 
During printing, the oxygen level in the build chamber was kept below 
0.2% using an Argon flow. The substrate plate was kept constant at 
100 ◦C. 

A slicer program, RDesigner (Realizer GmbH, Borchen, Germany), 
was used to prepare the build. The specimens were rotated by 45◦ and 
35◦ around the y- and x-axis, respectively, to create an internal self- 
supporting structure. On the build plates, 16 locations of 
20 mm × 23 mm were defined on which one specimen could be built. 
The different design configurations were divided over the build plates to 
avoid mechanical or dimensional deviations caused by specimen loca-
tion or inhomogeneous powder coating. A successful combination of the 
processing parameters was found through trial and error (Table 2), and 
ten specimens of each design were built. Since the lattices and the sur-
face patches were combined in one file, they were also printed using a 
single laser scanning strategy. 

2.3. Morphological characterization 

The morphology of the six designs is primarily different in terms of 
the specific surface area and the permeability. The surface area was, 
therefore retrieved from the three-dimensional CAD files using the 

H.M.A. Kolken et al.                                                                                                                                                                                                                           



Additive Manufacturing 52 (2022) 102684

3

graphics software Blender (version 2.81, Blender Foundation, Amster-
dam, The Netherlands). The permeability (k) is often considered a key 
parameter in bone tissue engineering, since it affects the nutrient and 
oxygen flow inside the scaffold and hence the in vivo bone formation. It 
best represents all other geometrical features (e.g., pore shape, pore size 
and pore interconnectivity), and may be analytically calculated using 
the Kozeny equation [24]: 

k =
1

Ck

(
ϕ3

S2
s

)

This equation describes its relation with the volume fraction, or 
porosity (ϕ), and the specific surface area (Ss = S/L3). The normalized 
effective permeability was found to be directly proportional to this 
geometrical relation, in which L describes the width of the box bounding 
the unit cell [12,24]. In the absence of the Kozeny constant, the calcu-
lated values give an impression of the relative differences in perme-
ability between the designs. 

After printing, the dimensions of the specimens were measured using 
a caliper, while a laboratory scale (Sartorius AG, Göttingen, Germany, 
0.1 mg accuracy) was used to weigh the specimens. The dry weighing 
technique was then used to determine the as-manufactured relative 
density of the specimens, for which the weight of the specimens was 
divided by the weight of a solid Ti-6Al-4V object with similar di-
mensions and a density of 4.43 g/cm3. The specimens were assessed on 
their quality using scanning electron microscopy (SEM) (JSM-IT100LA, 
JEOL, Tokyo, Japan). This was primarily done to gain a better 
perspective on the amount of surface area that was added to the lattices, 
as well as the quality and openness of the applied slits. The patches were 
visualized with a beam energy of 10–20 kV and a working distance of 
14–30 mm. 

2.4. Mechanical testing 

2.4.1. Experimental testing 
The quasi-static mechanical properties were obtained according to 

ISO 13314:2011 [25], once the data were corrected for machine 
compliance using the ‘direct technique’ [26]. The elastic modulus was 
then calculated in the linear region of the stress-strain curve between 
30% and 70% of the first maximum compressive strength (FMCS). The 
latter corresponds to the first local maximum in the stress-strain curve. 
Finally, the compressive yield strength (σy) was measured at 0.2% 
compressive strain. 

Full-field strain measurements were performed using the digital 
image correlation (DIC) technique, especially to gain insight in the 
Poisson’s ratio of the different structures. To make sure the printed Ti- 
6Al-4V structures had a sufficiently high number of surface land-
marks, a speckle pattern was added. The specimens were first spray- 
painted in black. The front surface was then stamped in white. Finally, 
a black random and unique speckle pattern was added with an airbrush. 

Fig. 1. 2D line drawing with design parameters a, b, and θ of the (A) hexagonal honeycomb and (B) re-entrant hexagonal honeycomb. A1–4 shows the design 
possibilities with the hexagonal honeycomb using 4-, 6-, 8-, and 10-gon minimal surface patches, respectively. B1–4 shows the design possibilities with the re-entrant 
hexagonal honeycomb using 4-, 6-, 8-, and 10-gon minimal surface patches. (C) An example of an 8-gon minimal surface patch in a unit cell of the face-centered cubic 
lattice. (D) An example of a 4-gon minimal surface patch in a unit cell of the octet-truss lattice. 

Table 1 
The designed dimensions of the unit cells in the six different groups. From top to 
bottom the non-auxetic structures without the surfaces (C), with the surfaces and 
slits (CS), and with the surfaces without the slits (CWS). Followed by the auxetic 
structures without the surfaces (A), with the surfaces and slits (AS), and with the 
surfaces without the slits (AWS).  

Type a [mm] b [mm] θ [◦] Relative Density 

C  1.95  1.30  115  0.10 
CS  1.95  1.30  115  0.12 
CWS  1.95  1.30  115  0.13 
A  1.95  1.30  65  0.20 
AS  1.95  1.30  65  0.23 
AWS  1.95  1.30  65  0.27  
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The full experimental set-up was then calibrated using the VicSnap 
software (Correlated Solutions Inc., Irmo, USA). During the compression 
tests, two 4-Megapixel digital cameras (Limess, Krefeld, Germany) 
captured the front surface at a frequency of 1 Hz. The displacement and 
strain fields were calculated in the image analysis software Vic3D 
(Correlated Solutions Inc., Irmo, USA). The relative displacements of a 
group of unit cells in the middle of the structure were used to calculate 
the Poisson’s ratio (νyx = -εxx/εyy) in the linear region of the stress-strain 
curve [1,3,27]. The directional strain values (i.e., εxx and εyy) were 
calculated using the coordinates of twelve vertices at different stages of 

deformation. Once a plateau was reached, the last ten values were used 
to calculate the average value of the Poisson’s ratio. 

The specimens were axially compressed using a mechanical testing 
machine (MTS, Eden-Prairie, USA). They were compressed for 5 mm 
with a displacement rate of 1 mm/min. The experiments were per-
formed in two directions, standing upright and at a 90-degree angle (i.e., 
tilted (T), used as a subscript to label the results). For both configura-
tions, five specimens of each design were tested. In the tilted position the 
patches are oriented in the direction of the applied load, whereas they 
are perpendicular to the direction of loading in the upright position. 

2.4.2. Computational modelling 
To compute the effective elastic modulus and the elastic anisotropy 

of the different non-auxetic and auxetic designs, a linear elastic finite 
element-based computational homogenization code in Matlab was used 
[28]. First, the (non-cubic) unit cell designs were converted to a vox-
elized representation using the triSurf2Im code in the Gibbon toolbox, 
employing cubic voxels [23]. Next, the homogenized stiffness tensor C∗

was computed by performing six independent linear-elastic finite 
element (FE) simulations using an isotropic linear elastic material 
model, periodic boundary conditions and eight-node hexahedral 

Fig. 2. A three-dimensional representation of the six meta-biomaterials studied here, presented through their computer-aided designs and as-manufactured parts. (A) 
C, (B) CWS, and (C) CS as well as their as-manufactured counterparts (D). (E) A, (F) AWS, (G) AS, and their as-manufactured counterparts (H). 

Table 2 
Additive manufacturing parameters for printing both auxetic and non-auxetic 
meta-biomaterials.   

Slice 
height 
[μm] 

Exposure 
time 
[μs] 

Point 
distance 
[μs] 

Laser 
power 
[W] 

Hatch 
strategy 

Hatch 
distance 
[μm] 

Contour  50  20  10  88 – – 
Hatch  50  5  10  88 90◦

alternating 
150  
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elements. The six linear-elastic simulations were performed by applying 
macroscale unit strains to the unit cells in the six directions: three 
simulations in axial loading (x,y, and z), and three simulations in shear 
loading (xy, xz, yz). A mesh convergence study (on the basis of effective 
elastic modulus E∗

11) was performed, and a discretization of 120 voxels 
(20 µm in size) in the minimum dimension, with a proportional number 
of voxels in the maximum dimension, was found to be sufficient. The 
input material properties for the simulations were calculated in a 
compression test on ten solid cylinder specimens (∅ = 10 mm, height =
15 mm). The structures were printed in the same configuration as the 
auxetic and non-auxetic meta-biomaterials. The data were corrected for 
machine compliance [26], which resulted in an elastic modulus of 
30.2 GPa and a Poisson’s ratio of 0.3. Our primary simulation interest 
lies in studying the normalized effective stiffness (normalized with 
respect to the bulk material stiffness), which is irrespective of the choice 
of the elastic modulus. Using the preconditioned conjugate gradient 
solver in Matlab (tolerance = 10− 8), the FE equations were solved, and 
the effective stiffness tensor was obtained. The effective elastic modulus 
in various directions was then obtained from the effective compliance 
tensor S∗ (the inverse of C∗) and a rotation matrix and was plotted as a 
3D surface. Normalized effective stiffness values were calculated using 
the bulk material modulus (Es). 

2.4.3. Statistical Analysis 
All statistical analyses were performed using GraphPad Prism 9 

(GraphPad Software, CA, USA). Unless otherwise indicated, the statis-
tical tests correspond to ordinary one-way ANOVA followed by the 
Tukey’s multiple comparisons test. The differences were considered 
statistically significant for p < 0.05. 

3. Results 

3.1. Morphological characteristics 

All six designs were successfully manufactured, and closely matched 
their designed dimensions (Fig. 2, Table 3). The relative density values 
were obtained using the dry-weighing technique and ranged between 
0.16 and 0.30 (Table 3). In all cases, the relative density values were 
larger than their designed values. Most of the weight was added to the 
‘simple’ lattice structures, while differences between the designs were 
small. 

The ‘slits’ that were applied to the patches of designs CS and AS were 
clearly visible throughout the specimens (Figs. 3A and 3C). The images 
do suggest that some ends of the patches may be connected to the sur-
rounding struts through adherent powder particles. The designs CWS 
and AWS were designed ‘without slits’, which was also successfully 
translated to the as-manufactured specimens (Figs. 3B and D). With the 
addition of these patches, the surface area of the lattices was increased 
by 20–25% (Table 3). The largest surface area was found for the designs 
with ‘slits’ (CS and AS), while the smallest surface area was measured in 
the simple lattices (C and A) (Fig. 3). The simple lattices exhibited a 
higher permeability than their counterparts with surface patches 
(Table 3). A slight increase in permeability was observed in CWS, with 
respect to CS. 

3.2. Mechanical properties 

For each of the designs the mean stress-strain curve has been pre-
sented in Fig. 4. Typically, the stress-strain curve of porous biomaterials 
exhibits a linear region followed by a plateau region with fluctuations. 
The fluctuations generally match the subsequent collapse of individual 
layers inside the structure. These collapses were clearly visible in the 
designs with surface patches, but without the slits (i.e., CWS(T) and 
AWS(T), with (T) used to refer to both testing configurations) (Fig. 4). 
CWS(T) exhibited drop-to-zero stress evolution patterns, which happen 
in between the collapse of layers and subsequent take-up of the load by 
another layer, allowing the stress to increase again. In the upright po-
sition, this also holds true for the other two non-auxetic designs (i.e., C 
and CS). In the titled configuration, CT and CST failed along a diagonal 
shear line, while CWST first exhibited buckling before the first layer 
collapsed. The fluctuations were less extreme in the auxetic designs (i.e., 
A and AS) with smaller drops in the stress. This was especially the case 
for the specimens tested in the tilted position (i.e., AT and AST), in which 
the stress gradually decreased with strain, exhibiting a diagonal shear 
line (Fig. 5B). The stress only started to recover towards the end of the 
test, but no other maxima were reached. 

The mechanical properties were found to increase with the relative 
density (the addition of surfaces). However, these differences were 
mostly non-significant in the upright configuration (Table 4, Fig. 5). The 
only significant difference in the stiffness was found between C and 
CWS, with CWS exhibiting a 13% higher elastic modulus. In the tilted 
position, the designs with surfaces and without the slits (CWST and 
AWST) exhibited a significant increase in both stiffness and strength. The 
CWST design exhibited an elastic modulus of 3088.16 ± 98 MPa, which 
is almost twice as high as the stiffness measured for the other two non- 
auxetic meta-biomaterials (p < 0.0001 for CWST vs. CT and for CWST vs. 
CST) (Fig. 5C). A similar increase can be observed for its strength 
(Table 4). The AWST design showed a similar increase in stiffness, with 
an elastic modulus of 11,192.42 ± 901 MPa, as compared to 
4892.60 ± 257 MPa (p < 0.0001) and 5347.60 ± 159 MPa 
(p < 0.0001) for AT and AST, respectively (Fig. 5D). The non-auxetic 
designs showed a decrease in their stiffness and strength when tilted 
by a 90◦ angle, except for CWST. The auxetic meta-biomaterials 
exhibited an increase in stiffness and strength, once tilted. 

The average values of the Poisson’s ratio show that the structures 
made using the hexagonal honeycomb unit cell (i.e., non-auxetic) 
expand under compression, thus having a positive Poisson’s ratio 
(Table 4, Fig. 5A and E). No significant differences were found between 
the simple lattices (C(T)) and the lattices with surfaces and slits (CS(T)) in 
terms of their Poisson’s ratio. As compared to the design without sur-
faces, the design with surfaces and without the slits had a significantly 
lower Poisson’s ratio in the upright position (p < 0.0001 for CWS vs. C), 
and a significantly higher value in the tilted configuration (p < 0.01 for 
CWST vs. CT). CT and CST both exhibited a smaller value of the Poisson’s 
ratio as compared to their counterparts in the upright configuration. 
CWST, on the other hand, showed an increase in its Poisson’s ratio as 
compared to CWS (Fig. 5E). The structures based on the re-entrant 
hexagonal honeycomb, which were designed to have a negative Pois-
son’s ratio (i.e., auxetic), indeed exhibited a lateral contraction in 

Table 3 
The as-manufactured dimensions, relative density values, surface area and permeability predictions of the six different groups.  

Type Length [mm] Width [mm] Height [mm] Relative Density Surface Area [mm2] ϕ3

(S/L3)
2  

C 12.49 ± 0.03 12.52 ± 0.04 15.26 ± 0.08 0.16 ± 0.001  2432.61  0.33 
CS 12.50 ± 0.03 12.52 ± 0.07 15.29 ± 0.05 0.17 ± 0.001  2999.36  0.20 
CWS 12.53 ± 0.10 12.51 ± 0.08 15.32 ± 0.10 0.18 ± 0.003  2872.44  0.22 
A 12.61 ± 0.10 12.62 ± 0.05 14.28 ± 0.06 0.26 ± 0.004  3800.87  0.10 
AS 12.54 ± 0.07 12.64 ± 0.07 14.22 ± 0.04 0.29 ± 0.003  4737.38  0.06 
AWS 12.56 ± 0.06 12.62 ± 0.06 14.26 ± 0.07 0.30 ± 0.004  4531.23  0.05  
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Fig. 3. The structure and surface quality of the different designs observed using SEM. (A) CS × 16 and × 35. (B) CWS × 22 and × 33. (C) AS × 20 and × 35. (D) AWS 
× 25 and × 35. The colored areas highlight the additional surface area in each of the designs. 
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response to the axial compression (Figs. 5B and 5 F). In both configu-
rations, A and AS exhibited similar values of the Poisson’s ratio. The 
differences with AWS were significant in the upright configuration 
(p < 0.0001), showing a notably smaller lateral contraction. Once tilted, 
the NPR of AT and AST decreased, whereas the value of AWST increased 
(Fig. 5F). 

The computational homogenization analyses of the effective elastic 
modulus revealed that the standard non-auxetic and auxetic unit cells 
are elastically anisotropic, which is typically found in many strut-based 
lattices (Fig. 6A and C). For example, the hexagonal honeycomb unit cell 
shows a relatively high effective stiffness in the three main orthogonal 
directions with the highest stiffness obtained in the primary loading 
direction (E∗

x > E∗
y = E∗

z). The effective stiffness rapidly decreases for off- 
axis loading, resulting in the stellated shape of the elastic modulus 
surface (Fig. 6A). The standard auxetic design exhibited a similar 
behavior, albeit with a higher stiffness in the other directions (Fig. 6C, E∗

y 

= E∗
z > E∗

x). As expected, and as confirmed by the experimental test 
results, the effective stiffness and degree of elastic anisotropy remains 
virtually constant when surfaces with slits are added to the designs. 
However, the addition of surfaces without slits substantially altered the 
anisotropic elastic behavior (right panels in Fig. 6A and C). Specifically, 
the anisotropy in the yz-plane was reduced, and a disk-like shape 
appeared in the surface representing the elastic modulus. Additionally, 
the presence of surfaces without slits caused an increase in the predicted 
effective stiffness in the primary loading direction, E∗

x, confirming the 
experimental observations (Figs. 6B and 6D). The normalized effective 
stiffness values were higher for the non-auxetic designs as compared to 
the auxetic designs in the upright position. Once tilted, the auxetic de-
signs outperform the non-auxetic designs in terms of stiffness (Table 5). 
The primary purpose of our computational analyses was to study the 

elastic anisotropy and to confirm the experimentally observed effects of 
adding surfaces with or without slits to the strut-based designs, which is 
why we were mainly interested in the normalized effective stiffness 
(E∗/Es). As described before, our simulations were of the linear elastic 
type, meaning that the choice of Es is immaterial to the obtained values 
of the normalized effective stiffness values. A prediction of the dimen-
sional effective stiffness values (i.e., the non-normalized E∗ values) were 
computed using the material properties of solid Ti-6Al-4V cylinders 
(Table 5). In general, these predictions capture similar trends as the 
experimentally observed values. However, the predicted values for E∗

are consistently smaller than their experimental counterparts. This 
could indicate that the bulk material stiffness (Es) was different for non- 
auxetic designs as opposed to the auxetic designs, which could be a 
result of the different design and design-dependent manufacturing de-
fects [29–31]. 

4. Discussion 

We proposed a new strategy to decouple the mechanical properties 
and available surface area in metallic meta-biomaterials. Both auxetic 
and non-auxetic meta-biomaterials were designed and additively man-
ufactured, either with or without the addition of surfaces. The results of 
both the computational models and the experimental tests show that the 
addition of rationally designed surfaces can increase the surface area 
independent of the mechanical properties. 

4.1. Morphological characteristics 

Recent advances in additive manufacturing have enabled the fabri-
cation of complex three-dimensional shapes, prompting the 

Fig. 4. The average stress-strain curves of (A) the non-auxetic designs in the upright position, (B) the non-auxetic designs in the tilted position, (C) the auxetic 
designs in the upright position, and (D) the auxetic designs in the tilted position. 
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development of many complex ‘designer materials’ [1–3,12] of which 
the meta-biomaterials in this study are the newest examples. These 
biomaterials can simultaneously satisfy multiple design requirements, 
including a high volume of pore spaces, vast surface areas, tailored 
anisotropic elasticity tensors, bone-mimicking elastic moduli, and 
negative values of the Poisson’s ratio. Nevertheless, it remains a chal-
lenge to successfully print a geometry with so many overhanging 
structures. The geometries were, therefore, built at an angle with respect 
to the build plate. The as-manufactured relative density values were 
higher than the designed values. This is likely due to the imperfections 
(e.g., powder adhesion, over-melting, strut thickness heterogeneity) that 
are inherent to metal printing processes [32–34]. The adhering powder 
particles may limit the displacement of the surfaces relative to the struts. 
In some cases, the surfaces may even be fused with the surrounding 
struts, although we did not detect any such merger in our SEM images. 

Even if present, these connections are expected to be relatively weak and 
therefore easy to detach upon loading. 

As intended, the surface area of the structures was substantially 
increased through the addition of rationally designed surface patches. 
Surprisingly, the largest surface area was reported for the designs with 
surfaces and with slits (i.e., CS and AS). The width of the slits was smaller 
(175 µm) than the thickness of the surfaces (200 µm), meaning that their 
inclusion has increased the surface area instead of decreasing it. These 
designs, therefore, feature a slightly larger surface area than the designs 
with surfaces and without the slits (i.e., CWS and AWS) (Table 3). This 
slight advantage in terms of additional surface area (≈ 200 mm2) is, 
however, only present in the designs where the slit width is smaller than 
the surface thickness. 

Fig. 5. Experimental results of the quasi-static compression tests in both configurations. (A) Deformation of CWS over time with an example of a DIC read-out. (B) 
Deformation of AST over time with an example of a DIC read-out. (C) Elastic modulus of the non-auxetic meta-biomaterials. (D) Elastic modulus of the auxetic meta- 
biomaterials. (E) Poisson’s ratio of the non-auxetic meta-biomaterials. (F) Poisson’s ratio of the auxetic meta-biomaterials. * : p ≤ 0.05, **: p ≤ 0.01, *** : p ≤ 0.001, 
****: p ≤ 0.0001, ns: not significant. 
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4.2. Geometry-property relationships 

The fluctuations that were observed in the stress-strain curves of 
both the auxetic and non-auxetic meta-biomaterials correspond to the 
successive failure of individual layers. The layer containing the weakest 
link collapses first, after which the stress will increase until another link 
fails, and so on. In the tilted configuration, the number and intensity of 
these fluctuations decreased. In this configuration, there are no struts 
oriented in the loading direction, which means the deformation is 
guided by the bending of the diagonal struts. As a result, a diagonal 
shear profile could be observed. In the designs with surfaces and without 
the slits (i.e., CWST and AWST) the surfaces are oriented in the loading 
direction, thus contributing to the mechanical properties of the material. 
The buckling mechanism that was observed in CWST right before failure, 
is a direct result of the surface patches being axially compressed. 

The mechanical properties of the auxetic and non-auxetic meta- 
biomaterials significantly increased once fully closed surface patches 
were added in the loading direction. The addition of these solid “walls” 
enhances the load-carrying capacity of the structures. With the slits in 
place, the surfaces were no longer connected to all four surrounding 
struts. Instead, they were connected to only one strut, meaning they 
could move around. Under such circumstances, the load is carried by the 
lattice alone. Due to powder adhesion, some of the slits may have been 
partially or fully fused with the surrounding struts. This could explain 
the relatively high standard deviations found for some of the meta- 
biomaterial properties, which may also be caused by the two opposing 
surfaces touching each other upon deformation. 

In the absence of the surface patches, the mechanical performance of 
the non-auxetic meta-biomaterials is comparable for both configura-
tions, with a small drop in the compressive stiffness (− 21%) and 
strength (− 19%), once tilted. This can be explained by the absence of 
vertically oriented struts in CT. Similar results have been reported in the 
literature and were also confirmed by our simulations (Table 5) [35]. 
According to both the experimental and computational results, the 
auxetic meta-biomaterials have a significantly higher load-bearing ca-
pacity in the tilted configuration (+277% and +148%, respectively). In 
A, the applied load is directly responsible for the collapse of the 
re-entrant hexagonal honeycomb, whereas it acts on the horizontal 
struts in AT. Similar observations are reported in the literature [35,36]. 
In their presented form, the auxetic meta-biomaterials outperform the 
non-auxetic meta-biomaterials in the tilted configuration. In general, the 
auxetic meta-biomaterials are more compliant in the presented loading 
direction as compared to their non-auxetic counterparts (assuming a 
similar relative density) [1,37]. The observed difference is, therefore, a 
direct result of the higher relative density of the auxetic designs 
(Table 3). Once normalized by their volume, the non-auxetic meta--
biomaterials do exhibit a higher stiffness (Table 5). 

The presence or absence of the slits clearly affects the computa-
tionally predicted surfaces of the elastic modulus. With the slits present, 

the structure effectively exhibits the same behavior as the designs 
without surfaces, resulting in a nearly identical elastic modulus surface 
and predicted effective stiffness. When no slits are present, however, the 
stiffness in all directions within the yz-plane drastically increases, and 
the elastic modulus surface is altered substantially. Indeed, the presence 
of surfaces without slits essentially adds plate-like elements to the unit 
cell that cause the unit cell to exhibit near isotropy when loaded along 
in-plane directions. These insights confirm that the slits are not only 
necessary to maintain the overall effective stiffness of the strut-based 
lattices in the main loading directions, but also to preserve their aniso-
tropic response. 

The computationally predicted values of the effective stiffness are 
substantially lower than their experimental counterparts. The input 
material properties were determined in the main printing direction, but 
once a part is printed at an angle with respect to the build plate, the 
mechanical properties generally decrease [29,38]. The struts in our 
designs are oriented in multiple directions, which means the overall 
print quality could also be higher. Fitting the predicted effective stiffness 
of the standard auxetic design to the corresponding average experi-
mental value, resulted in Es = 81.48 GPa. This suggests that the quality 
of the solid cylinders is about a factor 2–3 lower than the overall quality 
of the auxetic and non-auxetic meta-biomaterials. Overhanging struc-
tures, or those printed diagonally, push the boundaries of the SLM 
process and may consequently be of inferior quality [29,32–34,38,39]. 
Fortunately, various efforts are made to effectively predict the impact of 
printing imperfections on the mechanical performance of additively 
manufactured lattice structures [40–42]. 

The Poisson’s ratio of the non-auxetic meta-biomaterials is generally 
higher in the upright configuration, showing a bigger lateral expansion 
in response to axial compression [35]. The absolute values of the Pois-
son’s ratio follow a similar trend as the one we found in an earlier study 
on hexagonal honeycomb lattices [1]. These absolute values drastically 
decrease once fully closed surface patches are present. The results sug-
gest that these surface patches hinder the bending-dominated defor-
mation mechanism that relies on the hinging of cell ribs. In the tilted 
configuration, the Poisson’s ratio of CWST is again significantly different 
from the other two designs. In this configuration, the surface patches 
seem to enhance the lateral deformation. This can be explained by their 
stiffer response, which forces the lateral nodes to move outwards upon 
axial compression. The auxetic meta-biomaterials exhibited NPR values 
in both configurations. In general, a slightly larger lateral contraction 
was observed when they were tested in the upright position. Similar 
observations are reported in the literature, although differences 
decrease when θ increases [35,36,43]. Absolute values were found to 
overlap the computationally derived values published in an earlier study 
[44]. The differences between the designs were generally 
non-significant, except for the Poisson’s ratios in the upright configu-
ration. A significant decrease in the NPR was observed once the surface 
without the slits were added. This may again be explained through the 
deformation mechanism of the re-entrant hexagonal honeycomb, which 
is more restricted once struts are connected through a rigid surface. In 
the tilted configuration, the surfaces work with the deformation mech-
anism, instead of against it. The Poisson’s ratio was, therefore, not 
affected by the addition of the rationally designed minimal surface 
patches, whereas the surfaces without slits did significantly alter the 
deformation pattern of the structures in at least one direction. 

4.3. Biological performance 

The term osseointegration is used to describe the integration of the 
implant in its surrounding bony environment and was first introduced 
by Brånemark and co-workers in 1976 [45]. After years of research, we 
now know that the osseointegration process can be influenced by a va-
riety of factors, involving both the environment and the design of the 
implant itself [46]. The latter has been the main focus of this research 
and can be broken down into multiple aspects including the 

Table 4 
The quasi-static mechanical properties of the six different designs in the upright 
and titled (T) configurations.  

Type Elastic modulus 
(MPa) 

FMCS 
(MPa) 

Yield strength 
(MPa) 

Poisson’s 
ratio 

C 1780.55 ± 158 49.39 ± 2 42.52 ± 1 0.747 ± 0.04 
CT 1412.10 ± 103 41.42 ± 2 34.32 ± 1 0.232 ± 0.02 
CS 1816.07 ± 111 51.62 ± 1 44.43 ± 2 0.762 ± 0.15 
CST 1556.06 ± 60 45.70 ± 2 38.05 ± 2 0.238 ± 0.05 
CWS 2042.50 ± 142 52.08 ± 2 46.67 ± 3 0.178 ± 0.02 
CWST 3088.16 ± 98 97.86 ± 4 85.39 ± 3 0.313 ± 0.01 
A 1766.92 ± 104 52.88 ± 3 46.02 ± 2 -0.335 ± 0.03 
AT 4892.60 ± 257 84.83 ± 3 68.19 ± 2 -0.264 ± 0.03 
AS 1753.04 ± 60 53.73 ± 1 45.95 ± 1 -0.295 ± 0.03 
AST 5347.60 ± 159 90.49 ± 2 73.36 ± 1 -0.258 ± 0.06 
AWS 1774.64 ± 122 57.97 ± 2 48.87 ± 3 -0.108 ± 0.03 
AWST 11,192.42 ± 901 147.09 ± 2 105.65 ± 1 -0.305 ± 0.05  
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biocompatibility, topology, macro-/micro-architecture, and mechanical 
properties [46–48]. Porous bone scaffolds are shown to be very effective 
in the treatment of critically sized bone defects, as their mechanical 
properties match those of the surrounding bony tissue. Furthermore, the 
interconnected network of pores allows for deep tissue integration. This 
can not only solve the longstanding problem of stress shielding, but also 
enhance osseointegration and therefore improve the long-term fixation 
of the implants [49]. The bone-implant interface in porous scaffolds has 
been, indeed, found to be much stronger than the one created in solid 
bone implants [47]. The porous meta-biomaterials that were proposed 
in this study serve the same purpose, providing a rich network of pore 
spaces to improve the mechanical interlocking of the implant with the 

surrounding bone. Through the rational design of the surface patches, 
the surface available for cell adherence was increased without sub-
stantially changing the mechanical properties of the developed 
meta-biomaterials. The imperfections cause by the additive 
manufacturing process, such as the surface roughness, may further 
improve the mechanical interlocking by increasing the number of 
cell/protein adhesion sites [50]. 

The macro- and micro-architecture of the scaffold go hand in hand 
with the permeability, which is of great importance for cell infiltration 
and sustenance [51]. Bigger pores are often preferred during progressive 
growth, since they will provide enough space for nutrients and oxygen to 
pass through. Smaller pores, on the other hand, will easily get occluded, 

Fig. 6. Effective stiffness obtained through computational homogenization. (A) Voxelized representations (top row) and corresponding effective elastic modulus 
surfaces (bottom row), for the C (left), CS (middle), and CWS (right) designs. Every elastic modulus surface is colored according to the magnitude of the effective 
stiffness in any particular direction, normalized with respect to the maximum effective stiffness of that design (E∗/E∗

max). (B) Comparison of the experimental and 
computational effective stiffness, normalized with respect to the stiffness of the design without surfaces. (C)-(D) Similar to (A)-(B) but for the auxetic designs. 
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but may also prevent or slow the continuous flow of fluid, thereby 
improving cell adhesion [51]. With the rationally designed minimal 
surface patches in place, the permeability is somewhat decreased, but 
the slits will still allow the passage of nutrients and oxygen throughout 
the scaffold. Furthermore, the rational introduction of the patches in-
crease the tortuosity, which will improve the delivery of oxygen and 
nutrients to every location in the structure [52]. This is not the case in 
the designs with the fully closed surface patches, where the pore inter-
connectivity is significantly affected by the presence of these solid walls. 
Moreover, our design approach generally offers several patch configu-
rations for a single strut-based lattice (Fig. 1), implying that the 
permeability could be tuned independently from the mechanical prop-
erties by selecting the desired patch configuration (with slits) for a given 
strut-based lattice. 

The auxetic and non-auxetic meta-biomaterials that were introduced 
here belong to the category of permanent implants. Ti-6Al-4V is a bio- 
inert metal with great corrosion resistance and adequate mechanical 
characteristics, but complete restoration of the tissue will never be 
achieved [13,14]. Researchers have, therefore, begun to investigate 
biodegradable materials, including metals. In biodegradable metals, the 
implant will provides sufficient mechanical support upon implantation, 
after which it will slowly degrade allowing the new healthy tissue to 
take over [53]. Given its favorable biocompatibility and suitable me-
chanical properties, magnesium has long been the focus of research in 
the development of biodegradable orthopedic metals [53]. Unfortu-
nately, magnesium and its alloys also tend to degrade too fast in phys-
iological environments. The corrosion properties of biodegradable 
metals have, therefore, been widely studied, to obtain the optimal 
degradation rate for full bone regeneration [54–56]. One could adjust 
the architecture of the scaffolds to alter their permeability and fluid flow 
and, hence, their biodegradation rate. A functionally graded density has, 
for instance, been found to affect the biodegradation behavior of AM 
iron scaffolds [57]. A similar effect could be achieved using the ratio-
nally designed minimal surface patches in this study. Their addition 
could be used to not only alter the exposed surface area, but also to tune 
the permeability of the scaffolds independent of their mechanical 
properties. 

4.4. Future research 

The specimens in this study were made from Ti-6Al-4V, which is 
biocompatible but still contains several hazardous alloying elements. 
The specimens were successfully manufactured with SLM, which could 
also process other types of metallic powders. The above-mentioned 
biodegradable metals, such as magnesium, iron, and zinc, could there-
fore easily be applied using the same strategy. 

The permeability of the scaffolds has not been studied here but is 
highly relevant for the biological performance of both auxetic and non- 
auxetic meta-biomaterials. Future research should, therefore, focus on 
the influence of the applied surface patches on the fluid flow inside the 
scaffolds. One could then adjust the geometry of the unit cells or use the 

surface patches that are presented in Fig. 1A-B, to obtain the most 
optimal circumstances for bone tissue regeneration. 

5. Conclusions 

A new design approach, in which minimal surface patches were 
added to both auxetic and non-auxetic lattices (which is generalizable to 
virtually any type of strut-based lattice), was presented to decouple the 
mechanical properties and available surface area of metallic meta- 
biomaterials. Slits were added to minimal surface patches to limit 
their contribution to the mechanical properties. Control groups were 
designed either without the surface patches or without the rationally 
applied slits. All designs were additively manufactured and mechani-
cally characterized in the upright and 90◦ tilted configurations. Linear- 
elastic FE simulations were performed to predict the effective elastic 
moduli and anisotropic behavior of the different groups of meta- 
biomaterials. The results show that the rationally designed minimal 
surface patches substantially increase the available surface area without 
significantly affecting the mechanical properties in either direction. 
Without the slits, the addition of the minimal surface patches signifi-
cantly increased the elastic modulus in the tilted configuration. The fully 
closed surfaces were also found to restrict the deformation behavior in 
the upright configuration, while increasing the absolute value of the 
Poisson’s ratio once tilted. A similar behavior was observed in the 
computationally predicted stiffness values with degrees of increases that 
consistently exceeded those determined experimentally. This may be 
explained by the relatively high complexity of the designs that pushed 
the limits of the layer-based printing technique and may have resulted in 
inferior print quality and geometrical imperfections. Similar design 
strategies may be used to tune the rate of biodegradation in biode-
gradable metals or the permeability of meta-biomaterials in general. 
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