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ARTICLE INFO ABSTRACT
AftiC’_e history: Meta-biomaterials offer a promising route towards the development of life-lasting implants. The concept
Received 22 January 2021 aims to achieve solutions that are ordinarily impossible, by offering a unique combination of mechanical,
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mass transport, and biological properties through the optimization of their small-scale geometrical and
topological designs. In this study, we primarily focus on auxetic meta-biomaterials that have the extraor-
dinary ability to expand in response to axial tension. This could potentially improve the longstanding

Keywords: problem of implant loosening, if their performance can be guaranteed in cyclically loaded conditions. The
Auxetics high-cycle fatigue performance of additively manufactured (AM) auxetic meta-biomaterials made from
Meta-biomaterials commercially pure titanium (CP-Ti) was therefore studied. Small variations in the geometry of the re-
Fatigue entrant hexagonal honeycomb unit cell and its relative density resulted in twelve different designs (rel-

Cyclic loading

o . ative density: ~5-45%, re-entrant angle = 10-25°, Poisson’s ratio = -0.076 to -0.504). Micro-computed
Additive manufacturing

tomography, scanning electron microscopy and mechanical testing were used to respectively measure
the morphological and quasi-static properties of the specimens before proceeding with compression-
compression fatigue testing. These auxetic meta-biomaterials exhibited morphological and mechanical
properties that are deemed appropriate for bone implant applications (elastic modulus = 66.3-5648 MPa,
yield strength = 1.4-46.7 MPa, pore size = 1.3-2.7 mm). With an average maximum stress level of 0.47
oy at 10° cycles (range: 0.35 oy0y- 0.82 oyoy), the auxetic structures characterized here are superior to
many other non-auxetic meta-biomaterials made from the same material. The optimization of the print-
ing process and the potential application of post-processing treatments could improve their performance
in cyclically loaded settings even further.

Statement of Significance

Auxetic meta-biomaterials have a negative Poisson’s ratio and, therefore, expand laterally in response to
axial tension. Recently, they have been found to restore bone-implant contact along the lateral side of
a hip stem. As a result, the bone will be compressed along both of the implant’s contact lines, thereby
actively reducing the risk of implant failure. In this case the material will be subjected to cyclic loading,
for which no experimental data has been reported yet. Here, we present the first ever study of the fa-
tigue performance of additively manufactured auxetic meta-biomaterials based on the re-entrant hexag-
onal honeycomb. These results will advance the adoption of auxetic meta-biomaterials in load-bearing
applications, such as the hip stem, to potentially improve implant longevity.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

The innovative design of orthopedic implants can play a ma-
jor role in the improvement of their long-term performance. To-
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cessful surgical interventions, but the increasing prevalence of os-
teoarthritis among younger patients calls for a unique, improved
approach [1,2]. Meta-biomaterials are multi-physics metamaterials
whose geometry and topology are architected to provide an un-
usual combination of mechanical, mass transport, and biological
properties [3-5]. Advances in additive manufacturing (AM) have
opened up new possibilities for the production of such complex
micro-architectures.

Here, we will primarily focus on auxetic meta-biomaterials,
which exhibit a negative Poisson’s ratio [6]. In contrast to conven-
tional materials, these materials expand in response to axial ten-
sion. In a previous study, the concept of combining conventional
and auxetic meta-biomaterials to design a hip stem was presented
[5]. With the application of a negative Poisson’s ratio on the lat-
eral side of the implant, compression was created along both of
the implant’s contact lines with the surrounding bone. As a conse-
quence of compressive loading, the risk of failure at the implant-
bone interface is reduced. Moreover, bone will be actively remod-
eled according to Wolff's law, thereby enhancing bony ingrowth,
strengthening the implant-bone interface, and improving the im-
plant longevity [5,7].

For such load-bearing applications in which the material is sub-
jected to cyclic loading, it is important to study the fatigue be-
havior of AM meta-biomaterials [8]. There is currently only lim-
ited data available regarding the fatigue performance of auxetic
structures [9,10]. A comparison between auxetic and non-auxetic
structures has shown that the re-entrant hexagonal honeycomb
may exhibit superior fatigue strength [9,11]. Additionally, auxetic
foams have been found to exhibit enhanced energy dissipation be-
havior and dynamic crushing performance as compared to non-
auxetic foams [12,13]. Despite the availability of such isolated stud-
ies, there is no experimental data available on the high-cycle fa-
tigue behavior of AM auxetic meta-biomaterials based on the re-
entrant hexagonal honeycomb unit cell and built from biocompat-
ible metals.

We, therefore, studied the compression-compression fatigue be-
havior of directly printed auxetic meta-biomaterials made from
commercially pure titanium (CP-Ti). Their potential as bone-
substitutes was proven in a recent study on the quasi-static me-
chanical properties of auxetic meta-biomaterials made from Ti-6Al-
4V [14]. Despite its good biocompatibility and high strength-to-
weight ratio, Ti-6Al-4V is quite brittle and contains several haz-
ardous alloying components [15,16]. CP-Ti, on the other hand, is
very ductile. According to Wauthle et al. (2015), CP-Ti is a com-
petitive biomaterial for the fabrication of load-bearing orthopedic
implants [17]. That is partially due to its high ductility, which helps
in slowing down both crack initiation and crack propagation pro-
cesses. Due to these advantages, CP-Ti was selected for the first
ever study of the fatigue performance of AM auxetic metallic meta-
biomaterials.

Since the dominant mode of musculoskeletal loading is
compression, many studies have evaluated the compression-
compression fatigue behavior of bone-mimicking porous structures
[17-22]. The same loading regime was chosen here. Prior to fatigue
tests, a thorough morphological characterization was performed
using scanning electron microscopy (SEM) and micro-computed
tomography (micro-CT). The morphological characterizations were
followed by uniaxial compression tests, which were used to mea-
sure the quasi-static mechanical properties of the specimens.

2. Materials and methods
2.1. Design and additive manufacturing of auxetic meta-biomaterials

The negative Poisson’s ratio of auxetic meta-biomaterials based
on the re-entrant unit cells depends on several geometrical param-
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Fig. 1. The study outline showing the four different design types: A, B, C and D,
the AM cylindrical specimens, and their assessment using compression-compression
fatigue testing, SEM imaging, and micro-CT scanning.

eters, such as the re-entrant angle () and rib-length ratio (a/b)
[6,14]. Based on the data published earlier [14], four unit cell types
(A-D) were chosen (Fig. 1). The re-entrant hexagonal honeycomb
was implemented with an aspect ratio of 1.0 and 1.5, each com-
bined with two different re-entrant angles (10, 15, 20, and 25°, re-
spectively) and a uniform cell height of 2.5 mm. These unit cell
types were used to build cylindrical specimens (filling a cylinder
of ¥ 25 mm and h = 375 mm). By varying the strut thickness,
three different relative densities (5%, ~25%, and ~45% RD) were
obtained. As a result, 12 different designs were prepared for pro-
duction (Table 1). Based on the analytical relationships presented
by Hedayati and Ghavidelnia (2020), these structures should ex-
hibit a Poisson’s ratio in the range of —0.076 to —0.504 [23].

All designs were directly printed using Ti Gr1 (CP-Ti) powder
(3D Systems, Leuven, Belgium) (Fig. 1). The chemical composition
of this specific grade of powder complies with ASTM F67, ASTM
B265, ASTM B348, ISO 5832-2 and ISO 13782 standards. The sam-
ples were manufactured by laser powder bed fusion using a DMP
Flex 350 machine with DMP Control Software (3D Systems, Leu-
ven, Belgium). A layer thickness of 30 pm was used. The struc-
tures were built laying down, at a 10-degree angle with respect to
the build plate, to make sure overhang structures could be printed
without the need for internal supports. The down-facing side was
supported along the complete length of the cylinder. For each de-
sign, 30 specimens were printed, which were manually removed
from the build plate. To remove the excess powder particles, the
structures were ultrasonically cleaned in 96% ethanol.

2.2. Morphological characterization

After manufacturing, the specimens were visually assessed on
their print qualityqw. The structures with a relatively high den-
sity (with thicker struts) exhibited signs of warping. Consequently,
the outer ends of these cylinders were no longer parallel. To make
sure the compression plates were in full contact with the speci-
mens, both ends of the cylinder were turned on a lathe. The dry
weighing technique was used to determine the as-manufactured
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The designed and as-manufactured dimensions of the auxetic meta-biomaterials, designs A, B, C and D.
Manual measurements have been presented as mean + standard deviation.

RD [%] Diameter [mm)] Height [mm)] Cum. deviation [mm)]

Type CAD CAD As-manufactured CAD As-manufactured Micro-CT

A 4.6 2499  25.26 + 0.06 35.92  35.83 + 0.04 0.09
24.1 25.50  25.77 + 0.07 36.44  36.34 + 0.07 0.09
42.7 25.86  26.00 + 0.07 36.79  35.89 + 0.08 0.15

B 5.4 24.51 24.82 + 0.05 36.22  36.12 + 0.03 0.10
25.4 2499  25.20 + 0.04 36.69  36.55 + 0.03 0.08
45.4 2532 25.56 + 0.10 37.02  35.88 + 0.05 0.10

C 4.9 2220 22,51 + 0.05 35.58  35.51 + 0.02 0.13
24.6 22.57  22.81 + 0.05 35.95  35.85 + 0.05 0.11
43.2 22.83  23.06 + 0.06 36.21  35.09 + 0.07 0.17

D 34 22.00 22.32 + 0.05 35.57  35.50 + 0.01 0.14
17.5 2234 2259 + 0.05 35.91 35.81 + 0.05 0.10
325 22.58  22.79 + 0.04 36.15  35.09 + 0.07 0.12

relative density. The outer dimensions were, therefore, measured
with a caliper, while a laboratory scale (Sartorius AG, Gottingen,
Germany, 0.1 mg accuracy) was used to weigh the specimens. The
weight of the specimens was then divided by the weight of a solid
CP-Ti object with similar dimensions and a density of 4.51 g/cm3
[24].

Additionally, the surface morphology and print quality of the
auxetic meta-biomaterials were assessed using SEM (JSM-IT100LA,
JEOL, Tokyo, Japan). With a beam energy of 10-20 kV and a work-
ing distance of 25-35 mm, one specimen of each design type was
scanned for assessment. The strut thickness values were obtained
at 10 different locations, on either side of the specimens, result-
ing in 20 data points in total. The failure surfaces were studied in
case the specimen broke apart, which was the case in the higher
density specimens of design A and B. All specimens were pho-
tographed after fatigue failure.

Micro-CT is increasingly used for detailed three-dimensional
characterizations of AM components [25]. In this study, micro-CT
scanning was performed on one specimen of each design type
using a Nanotom S system (GE, Boston, USA) (160 kV; 300 uA;
0.5 mm copper beam filtration). The voxel size was set to 21.88 pm
to fit the entire specimen in the field of view. A total of 4000 im-
ages were recorded in a full rotation, including image averaging
and detector shift to enhance the image quality. Image processing
and analyses were performed in Volume Graphics VGSTUDIO MAX
3.4 (Volume Graphics GmbH, Heidelberg, Germany).

Morphological data were acquired from a cylindrical region of
interest (@ =20 mm, h = 30 mm), to eliminate the edge effects. Ba-
sic material and pore fractions were calculated using the sub-voxel
accurate surface determination. The local strut and pore sizes were
determined using the wall thickness analysis (sphere) method. This
method fits the largest sphere in the analysis region at each loca-
tion and reports this value at all locations within the structure,
in the form of a statistical representation of the local thickness
(Fig. 1) [26]. Recently, this method was applied to characterize lat-
tice structures, highlighting the concept that some designs have
multiple inherent pore sizes, which might be beneficial for bony
growth [27]. It should be noted that the strut thickness analysis
also measures the node regions, creating a bimodal distribution of
thickness values. The statistical information is binned according to
the local thickness across the entire structure. The same procedure
was performed for the pore size analysis, giving an idea of the ac-
tual spherical pore size despite the highly interconnected nature
of the pore spaces. This procedure was applied to the CAD files
(.STL) as well as to the micro-CT scan data for direct comparison.
The .STL files were, therefore, voxelized using the same voxel size
as the scans, creating synthetic micro-CT data using the function
"create volume from mesh". The actual specimen (actual micro-CT

513

data) could, therefore, be aligned to the CAD design using the best-
fit alignment registration tool, which was done for all the analy-
ses performed. To compare the overall design with the actual part,
the nominal-actual comparison tool was used to obtain a statistical
representation of the deviations at each location on the surface of
the part. Additional high-resolution scans of the internal sections
of the specimens were performed to better visualize the observed
strut porosity. This was done at 10 pm voxel size, 100 kV, and 100
pA using a 0.5 mm copper filter. The quantification of the total
porosity in the struts was performed in volume fraction values, and
visualization in 3D images was done for a number of selected re-
gions. Local porosity color coding was performed, highlighting the
location of pore spaces.

2.3. Mechanical testing

The quasi-static mechanical properties of the auxetic meta-
biomaterials were obtained using a mechanical testing machine
(Zwick GmbH & Co. KG, Ulm, Germany) with a 250 kN load cell
and a 0.5% crosshead accuracy. A tool steel plate, on either side of
the specimens, prevented the machine platens from wearing. The
specimens were preloaded (5 N) followed by axial compression for
15 mm with a deformation rate of 2 mm/min. The resulting stress-
strain curves were corrected for machine compliance, according to
the ‘direct technique’ [28] and were used to obtain the mechani-
cal properties in accordance with ISO 13,314:2011 [29]. The quasi-
elastic gradient was calculated in the linear region at the begin-
ning of the stress-strain curve and will from now on be referred to
as the elastic modulus. The linear region is generally followed by
the first local maximum of the stress-strain curve, corresponding
to the first maximum compressive strength (FMCS). Due to the duc-
tile behavior of CP-Ti, however, no such maximum was registered.
The yield strength (o), which is referred to as the compressive off-
set stress, was measured at 0.2% plastic compressive strain. A pre-
vious study on Ti-6Al-4V lattices assumed that the plateau stress
was close to the concept of yield strength [20], but significant dif-
ferences were found in a study on CP-Ti lattices [17]. The plateau
stress (op) was, therefore, calculated, as well as the arithmetical
mean of the stresses between 20% and 30% compressive strains.

The protocols established in our previous studies regarding
the mechanical behavior of bone-mimicking meta-biomaterials
were used to perform the fatigue tests [17,20-22]. The speci-
mens were tested on their compression-compression fatigue per-
formance (MTS, Eden-Prairie, USA) using a load ratio (R) of 0.1
and a frequency of 15 Hz (sinusoidal waveform) (Fig. 1). For each
type of auxetic meta-biomaterial, the fatigue tests were at least
repeated at five different stress levels, resulting in fatigue lives
in the range of 10 - 10% cycles. Two specimens of each de-
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Table 2
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The morphological properties of the four different auxetic meta-biomaterials, designs A, B, C and D. The SEM
data has been presented as mean + standard deviation, while the mode has been presented for the data

acquired using micro-CT.

RD [%] Strut thickness [mm] Pore size [mm]
Type CAD Dry weighing  Micro-CT  CAD Micro-CT ~ SEM CAD Micro-CT
A 4.6 749 + 0.13 6.3 0.346 0.354 0.402 + 0.02 2.800 2.653
241 26.01 + 0.26 253 0.871 0.838 0.884 + 0.04 2.302 2.182
42.7 42.23 + 037 43.8 1.209 1.190 1.181 + 0.02 1.930 1.810
B 5.4 8.46 + 0.14 7.9 0.362 0.364 0.392 + 0.03 2.620 2.522
254 2827 £0.22 270 0.832  0.789 0.837 £ 0.03  2.144  2.065
454 44.04 + 0.46 46.5 1.163 1.101 1.211 £ 0.04 1.818 1.673
C 4.9 9.32 £ 0.15 8.6 0.261 0.309 0.379 + 0.03 1.943 1.880
24.6 26.73 £ 0.19 271 0.628 0.592 0.647 + 0.05 1.585 1.568
43.2 42.06 + 0.36 454 0.894 0.834 0.873 + 0.03 1.317 1.322
D 34 7.15 £ 0.12 6.7 0.236 0.283 0.371 + 0.03 2.312 2.165
17.5 20.10 + 0.18 19.5 0.580 0.548 0.601 + 0.04 1.972 1.894
325 3245 + 0.24 34.6 0.823 0.777 0.827 + 0.04 1.730 1.657

sign type were tested for each stress level. A third specimen was
tested if the difference in the cycles to failure of these two speci-
mens was more than 40% of their average. Stress and strain values
could be calculated using the load and displacement values. Failure
was considered to have occurred when the strain (ratcheting) rate
showed a rapid increase, matching the abrupt strain jump in the
strain vs. cycles graph. The slope of the graph (de/dN) was, there-
fore, calculated and the first local maximum was found to corre-
spond to the point of failure. In most cases, this also corresponded
with the specimens losing 90% of their stiffness. The machine was
stopped once the specimens reached 10 loading cycles (run-out
specimens). With the fatigue life values and the maximum applied
stress, the S-N curves could be obtained. The maximum applied
stress values were divided by the respective yield strength, oy, and
plateau stress, o, to obtain the normalized S-N curves.

2.4. Statistical analysis

Quantitative measurements were expressed as mean =+ standard
deviation (SD). A first order power law (ax?) was fitted to the data
points of each respective quasi-static mechanical property. A sim-
ilar power law was fitted to the fatigue data points normalized
by the yield strength (excl. run-out specimens), either for all or
for separate relative density values, depending on the coefficient
of determination. This power law was then used to determine the
maximum design stress at 104 and 10 cycles.

3. Results
3.1. Morphological characteristics

The architecture of the AM specimens generally matched their
design, with no major unexpected features (Table 1). All struts
were built successfully, and limited warping was observed. The
higher density specimens that did show signs of warping were
processed as described above. While the dimensions of the ma-
jority of the specimens lie within 0.10 mm of the intended de-
sign, this deviation increased with the relative density as well as
with the aspect ratio. The biggest cumulated deviation was found
for design C (RD = 0.422) in which 90% of the part was found to
lie within 0.17 mm of the CAD design (Table 1). The actual values
of the relative density as measured by dry weighing and micro-
CT imaging, ranged between 6.3 and 46.5% (Table 2). In all cases,
the relative density values were higher than the designed values,
with deviations increasing with the aspect ratio and re-entrant
angle. A high repeatability in the overall relative density (< 2%)
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was achieved, with the biggest variations measured in the lower-
density specimens. The strut thickness values ranged between 0.28
and 1.21 mm, while the mean pore size was found to vary between
132 and 2.65 mm (Table 2). In general, the strut thickness of the
lower-density specimens increased as compared to their CAD de-
signs, while the struts of the higher-density specimens lost some of
their thickness. In general, the pore size values were smaller than
the designed values.

Some microstructural imperfections were found on the sur-
face as well as in the interior of the struts (Fig. 2). Superficial
pores were found on the surface of the higher density specimens
(Fig. 2A) and a clear difference in surface roughness was observed
between downward- and upward-facing surfaces with respect to
the build plate (Fig. 2B). Adhering powder particles were primar-
ily present on supported surfaces facing the build plate (Fig. 2B).
The local strut porosity was visualized using micro-CT (Fig. 2C-
D), showing areas of high porosity surrounded by a more solid
shell. Design A (RD = 0.422) was found to have an average in-
ternal porosity of 20.3% in the volume fraction that was consid-
ered, whereas design D (RD = 0.325) shows a thicker shell with
an average porosity of 12.3%. Lower density specimens, like design
A (RD = 0.075), were less affected by these imperfections (Fig. 2C-
D).

3.2. Quasi-static mechanical properties

While most porous biomaterials show a typical stress-strain
curve, including the initial linear region, plateau phase and final
densification, these phases are not always as apparent in this type
of auxetic meta-biomaterial [14,30]. The lower density specimens
(Fig. 3A) exhibited the typical linear region, followed by a plateau
phase with a high frequency of fluctuations. The amplitude of the
fluctuations decreased with the relative density, almost disappear-
ing in designs A and B (Fig. 3B). The final densification phase,
showing a steep increase in the stress, was visible at a relative
density of ~0.270 for designs A and B. Increasing the relative den-
sity advanced the onset of this final stage, which was also visible
for design C (for a relative density of 0.420) (Fig. 3B-C).

All mechanical properties were found to increase with rela-
tive density (Fig. 3D-F). The elastic modulus of the auxetic meta-
biomaterials was found to vary between 66.31 + 1.92 MPa and
5648 + 1433 MPa for relative density values ranging between
0.07 and 0.43 (Fig. 3D). The yield strength of the auxetic meta-
biomaterials varied between 1.4 + 0.04 MPa and 46.70 + 0.62 MPa
for the aforementioned range of relative density (Fig. 3E). The stiff-
ness and strength of the structures were found to increase with the
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Fig. 2. (A) The structure and surface of design A (RD = 0.422) observed using SEM (27x, 75X, and 250x). (B) The structure and surface of design D (RD = 0.325) observed
using SEM at 15x and 20x. (C) The inside morphology of, from top to bottom, design A (RD = 0.075), design A (RD = 0.422), and design D (RD = 0.325) imaged using
micro-CT. (D) The local average porosity of, from top to bottom, design A (RD = 0.075), design A (RD = 0.422), and design D (RD = 0.325) imaged using micro-CT.
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ical properties; (D) elastic modulus, (E) yield strength, and (F) plateau stress together with their fitted power laws.

aspect ratio and decrease with the re-entrant angle, with the high-

est values found for design C and the lowest for design B. With

values ranging between 0.65 + 0.03 MPa and 164.60 + 4.66 MPa,
the plateau stress was found to decrease with aspect ratio and in-
crease with re-entrant angle. However, some of these relations only
seem to become apparent for higher values of the relative density.
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3.3. Fatigue behavior

The results of the compression-compression fatigue tests are
presented as S-N curves, both for absolute (Fig. 4A) and normal-
ized stress values (Fig. 5). Some of the strain vs. cycles graphs have
been presented in Fig. 4B, showing the typical three-stage fatigue
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Fig. 4. (A) The absolute S-N curves of all the specimens (grouped per relative density class). The test run-out specimens have been noted by stars. (B) A representative
strain vs. cycles curve for each relative density class, from top to bottom, design A (RD = 0.075), design D (RD = 0.201), and design B (RD = 0.440). The three-stage fatigue
behavior has been indicated by I, II, and III, and the failure points have been noted by circles.

behavior of porous metals [31]. In the first stage (I), the strain
slowly increased until reaching the second stage (II) at ~102 cy-
cles, in which there is hardly any build-up of strain. In the third
stage (III), the strain accumulates very rapidly, exhibiting the high-
est derivative of strain and the specimen finally fails. Atypical fa-
tigue behavior was observed for some of the higher-density de-
signs, including design A (RD = 0.422) and design B (RD = 0.283,
0.440) (Fig. 4B, bottom). These specimens exhibited multiple strain
jumps. Based on the strain vs. cycles graphs and visual inspection
of the specimens, failure was assumed at the first local maximum
of de/dN after stage II (circles, Fig. 4B). The fatigue lives increased
by decreasing the applied stress level. The order of the absolute
S-N curves matched the order of the yield stress values with the
relative density (Figs. 3E and 4A). For designs A and B, a first order
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power law could be fitted to the S-N datapoints normalized with
respect to the yield strength. With a fairly high coefficient of deter-
mination, R?=0.888, the specimens of design A exhibited a maxi-
mum design stress of 0.429 oy at 10 cycles (Fig. 5A). The high
relative density specimens of design B (RD = 0.440) started to de-
viate from the collective power law, resulting in a coefficient of de-
termination of R?=0.663 and a maximum design stress of 0.501 oy
at 10 cycles. No power law could be fitted to the S-N data points
of designs C and D. An average maximum design stress of 0.47
oy was found at 108 loading cycles. The individual power law for
each of the data series (corresponding to the twelve designs) are
presented in Table 3, with very high coefficients of determination.
Differences were especially visible at 104 cycles, but at 108 cycles
the higher density specimens (~0.45 RD) of designs C and D with-
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The power laws fitted to the normalized S-N curves for all the auxetic meta-biomaterials studied here.

Fitted power R? Stress level Fatigue strength [MPa]

Type  RD law value at 10% cycles  at 106 cycles  at 10° cycles
A 0.075 5.74. N-0.188 0.98 1.020 oy 0430 oy 0.596

0.260 6.09 . N-0.196 0.98 0.998 oy 0.404 oy 6.615

0.422 6.96. N-018 0.97 1.210 oy 0.516 oy 16.317
B 0.085 7.70 . N-0213 0.97 1.087 oy 0.409 oy 0.582

0.283 7.19. N-0201 0.99 1.131 oy 0.448 oy 7.163

0.440 65.46 . N-0372 0.97 2136 oy 0.386 oy 12.466
C 0.095 5.51. N0198 098 0.8890y 0.3570y 1.333

0.267 10.16. N~022 0.92 1.2990 0.465 oy 12.510

0.420 5.21. N-0134 0.94 1.522 oy 0.823 oy 38.423
D 0.072 5.34. N-0197 0.99 0.870 oy 0.351 oy 0.687

0.201 10.76 . N-0-240 0.96 1.181 oy 0391 oy 5.903

0.325 7.65. N-0.178 0.91 1.480 oy 0.651 oy 18.732

stood significantly higher normalized stress values (Fig. 5A). An in-
crease in the aspect ratio decreased the normalized stress within
the low cycle regime, while significantly increasing the stress for
high cycle fatigue. Considering the latter, an increase in the re-
entrant angle decreased the maximum design stress. When nor-
malized with respect to the plateau stress, the S-N curves showed
significantly higher values for the lower density specimens of all
designs (Fig. 5B). The differences were small for the higher values
of the relative density but become more apparent in designs C and
D.

The photographs that were taken after fatigue failure show that
the struts in the lower density specimens primarily deform by
bending, leading to a layer-by-layer collapse (Fig. 6A-B). Increas-
ing the relative density changes the deformation mechanism to-
wards densification and shear. Designs A and B were found to de-
form and fail completely through all their layers (Fig. 6A), while
designs C and D showed a more isolated collapse of layers (Fig. 6B).
The hinging of the inverted struts in designs A and B resulted in
them touching the inverted struts on the opposite side. The SEM
images taken after failure showed a significant internal porosity
in the higher-density specimens, with clear fatigue striations and
cracks initiating from the void spaces (Fig. 6C). Failure was primar-
ily found to occur at the strut junctions, in relatively straight lines
(Fig. 6D). The highest values of the internal porosity were gener-
ally found in the struts built close to the horizontal (at 10° with
respect to the build plate).

4. Discussion

In this study, four different types of auxetic meta-biomaterials
(each of which with three different values of the relative density)
were designed and additively manufactured. From previous studies,
we know that the quasi-static mechanical properties of these de-
signs are vastly different, given the difference in their geometries
[6,14]. The fatigue performance of such materials, on the other
hand, had never been experimentally explored. The results of this
study, therefore, form a promising basis for the application of aux-
etics in dynamically loaded settings.

4.1. Morphological properties

The relative densities of the auxetic meta-biomaterials were as-
sessed using both dry weighing and micro-CT imaging. In gen-
eral, both methods showed an increase in the relative density
as compared to the CAD designs, with deviations increasing with
the relative density, aspect ratio, and re-entrant angle. The same
trends were found in a previous study on Ti-6Al-4V auxetic meta-
biomaterials, using the same CAD files [14]. The relative density
values of design D did not meet the aforementioned classes of
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~0.05, ~0.25, and ~0.45 RD. This can be explained by a fault in
the design software, resulting in a misinterpretation of the de-
signed density values. The geometry of the re-entrant hexagonal
honeycomb pushes the boundaries of the laser powder bed fusion
process. The specimens were printed at an angle and this influ-
ences the print quality and, thus, the mechanical properties of the
structure as a whole [32-34]. Vertical struts generally have a much
higher quality than horizontal struts, whereas diagonal struts per-
form somewhere in between [34]. Due to the oblique build ori-
entation, the vertical struts were now printed at a 10-degree an-
gle, close to the horizontal. Additionally, the staircase effect tends
to increase the surface roughness, especially on down-facing sur-
faces [35], and blob formations may occur in the places where
the laser is forced to make acute turns [32,33,36]. Due to these
imperfections, the as-manufactured specimens may deviate from
their respective CAD files. Additionally, these irregularities can cre-
ate stress concentrations that are detrimental for the fatigue per-
formance [37,38]. Chemical and (thermo)mechanical surface treat-
ments can be used to improve the fatigue strength, by reducing
the surface roughness and removing the potential crack nucleation
sites [38-41].

The micro-CT and SEM images revealed that the struts of the
higher-density specimens contained areas with significant internal
porosity and a large volume of interconnected pore spaces. This
micro-porosity, including the size and location of these pores, has
been shown to strongly affect the fatigue performance of metallic
lattices [42,43]. The SEM images revealed that cracks often origi-
nate from these void spaces, although it is unclear whether they
were the most deleterious defects [42,44]. Surface defects are as
important in determining the fatigue life of these specimens and
can more easily be avoided by improving the processing parame-
ters and (post-)AM conditions. The current quality of the auxetic
meta-biomaterials is a direct result of the chosen printing parame-
ters, in which a trade-off was made to obtain a good quality struc-
ture while achieving a reasonable build rate. Further optimization
and validation of the scanning parameters could, therefore, lead to
decreased internal porosity, thereby improving the fatigue perfor-
mance of auxetic meta-biomaterials.

4.2. Static mechanical performance

The stress-strain curves of the auxetic meta-biomaterials tested
here showed that there are clear differences in the deformation be-
haviors of various auxetic designs, especially for the smaller values
of relative density. Due to the ductility of CP-Ti, the structures con-
tinuously deform under the applied compressive load. With a high
slenderness ratio, the struts do eventually fail, resulting in a layer-
by-layer collapse. The strain at failure of designs A and B was, how-
ever, much higher than those of designs C and D. For the higher
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Fig. 6. The appearance of the specimens after fatigue testing. The deformation after failure of (A) design A (RD = 0.075, 0.260, and 0.422), and (B) design C (RD = 0.095,
0.267, and 0.420). (C) The SEM images showing the internal strut porosity and crack initiation from the voids. (D) The occurrence of macro-cracks at the struts junctions.

values of the relative density, the structures do not reach a first
local maximum, similar to the results reported by Wauthle et al.
(2015) and a previous study of ours on Ti-6Al-4V auxetic meta-
biomaterials [14,17]. According to Gibson and Ashby (1999), these
cellular solids go through early densification [45]. With a small as-
pect ratio and thicker struts, the cell walls touch at lower values of
strain (designs A and B). In this study, the ductility of the bulk ma-
terial enhances that effect. This could also explain the delayed fail-
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ure of designs A and B for the lower values of relative density, in
which strain accumulates while the stress remains nearly constant.
The geometry-property relationships that were found regarding the
mechanical properties are in line with the relationships found in
earlier studies [6,14].

The mechanical properties of meta-biomaterials depend on
their small-scale architecture, hence their dependence on the
type of unit cell. Significant differences have been found between
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stretch- and bending-dominated unit cells [14,46-48]. As com-
pared to stretch-dominated unit cells (e.g., cube and truncated
cuboctahedron), the re-entrant hexagonal honeycomb is very com-
pliant. As a bending-dominated unit cell, its stiffness is compara-
ble to unit cells such as the diamond, body-centered cubic, and
rhombic dodecahedron [46,47]. In contrast to the auxetic meta-
biomaterials studied here, these unit cells have a positive Pois-
son’s ratio. Combining both positive and negative Poisson’s ratio
has been shown to be beneficial in the design of a hip stem, fight-
ing the longstanding problem of implant loosening [5]. However,
the theoretical upper bound defining the maximum elastic mod-
ulus of architected materials (Hashin-Shtrikman bounds) [49] is
lower for auxetic materials and decreases as the Poisson’s ratio
further decreases. The lower quasi-static mechanical properties of
auxetic meta-biomaterials as compared to those of non-auxetic
meta-biomaterials is, however, not necessarily a major problem.
The bulk properties of metallic biomaterials generally exceed those
of the bone by a few orders of magnitude. The challenge, there-
fore, usually lies in decreasing those properties to the level of the
bony tissue. Using a higher value of the relative density is generally
all that is needed to increase the mechanical properties of auxetic
meta-biomaterials.

4.3. Fatigue behavior

Before auxetic meta-biomaterials can be adopted in the field of
orthopedics, their fatigue behavior needs to be fully understood.
All structures exhibited the typical three-stage fatigue behavior
found in porous metals [31]. However, the strain vs. cycles graphs
revealed multiple strain jumps for some of the designs (Fig. 4B), in-
cluding a very high initial displacement. Unlike many other fatigue
studies, we could, therefore, not define the failure point using a
90% stiffness drop [17,20,21]. These strain jumps were also found
in the compression fatigue testing of aluminum foams, pointing at
the formation of cyclic deformation bands [31]. According to Yavari
et al. (2013), AM porous structures show a more uniform plas-
tic deformation as compared to porous structures manufactured
using conventional techniques [20]. Other studies on AM porous
structures therefore did not observe these strain jumps [20,50].
This also holds true for most of our structures (Fig. 4B, 6B), but
designs A and B were different. The multiple strain jumps and
‘plateau’ phases point at several layers of densification. This could
be explained by the relatively small space in between their in-
clined struts as compared to designs C and D. Upon deforma-
tion, these struts touch each other, causing the structure to den-
sify. Once the densification strain has been reached, the structure
will experience another strain jump through the collapse of an-
other layer. Additionally, these structures entered the third stage
over a range of strain values (~0.02-0.06, Fig. 4B) depending on
the applied stress level. The same phenomenon has been observed
in aluminum foams, but not for the first strain jump [31].

The absolute maximum design stress at 10% loading cycles is
comparable for the designs with a similar aspect ratio, indicating
that the differences in the re-entrant angles of the various aux-
etic structures considered here do not significantly influence the
fatigue performance (Fig. 4A). There is, however, a difference be-
tween designs C and D, which is likely caused by their difference
in relative density. The highest absolute maximum design stress
was found for design C, which is in line with its higher strength
and stiffness. The observations regarding the normalized stress lev-
els were, however, more remarkable (Fig. 5). A collective power
law could be fitted to the data points of designs A and B, but
the higher-density structures of design C and D did not line up.
As a consequence of this difference, the S-N curves do not col-
lapse to one single curve after normalization, unlike many other
unit cells [17,20,21]. It is therefore very difficult to predict the fa-
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tigue performance of the auxetic meta-biomaterials based on the
re-entrant hexagonal honeycomb unit cell. In this case, we also ob-
served significant differences between the normalized design max-
ima at higher values of relative density. This may have been caused
by the different angles of the oblique struts. AM meta-biomaterials
generally deform because of both bending and buckling, and their
fatigue behavior is often determined by the interaction of cyclic
ratcheting and fatigue crack growth [50,51]. The re-entrant hexag-
onal honeycomb is a bending-dominated unit cell and the inclined
struts therefore experience both tension and compression [6,14].
Compressive forces generally cause crack closure and may slow
down crack growth, whereas tensile forces are most likely to cause
fatigue failure [18,21,52]. The accumulation of plastic deformation
upon cyclic loading (ratcheting) can be decreased by increasing the
compressive stress in the struts [21,50,53]. In our designs, this was
achieved by increasing the re-entrant angle, which led to the in-
creasing fatigue performance from design A to design D (Fig. 5A). It
should be noted that designs A and B do perform better within the
low cycle fatigue regime (<10% cycles). Furthermore, a relatively
high percentage of void space was found in the struts of designs
A and B. This does, however, not explain the differences in nor-
malized design maxima between the different relative densities of
the same design. Li et al. (2012) showed that the cyclic ratcheting
rate is sensitive to the relative density, but this merely explains
the higher fatigue lives found in the higher-density structures [51].
In an earlier study, we found that the negative Poisson’s ratio of
these auxetic meta-biomaterials decreases as the relative density
increases, as a direct result of the thickened strut junctions [14].
The bending of the struts will, therefore, become more difficult and
buckling will become the primary deformation mode. As a result,
the struts in designs C and D will primarily experience compressive
forces, which further increase with the relative density and extend
their fatigue life. The relatively small re-entrant angle in designs A
and B, and the early densification caused by strut contact, may be
the reason for the absence of this phenomenon.

When compared to non-auxetic meta-biomaterials made from
CP-Ti, the auxetic meta-biomaterials studied here tend to ex-
hibit an improved fatigue performance. Zhao et al. (2018) pre-
sented the maximum stress levels of tetrahedron and octahe-
dron meta-biomaterials, which ranged between 0.32 oy and 0.57
oyoy at 108 loading cycles [54]. A normalized design maximum
of 0.41 oyoy was reported in the study of Wauthle et al. (2015)
for dodecahedron-based structures, which approaches our average
(0.47 oyoy). Despite their great static resemblance with rhombic
dodecahedron structures, the auxetic meta-biomaterials exhibit a
significantly higher maximum design stress [53]. Just like our spec-
imens, the specimens based on the rhombic dodecahedron unit
cell exhibited fatigue cracks in the vicinity of their strut junctions
[53]. The extraordinary maxima observed here even surpass the
limit of a topology-optimized structure that was designed for op-
timal fatigue performance [53]. The absolute applied stress lev-
els are, on the other hand, quite low and therefore easily sur-
passed by stretch-dominated meta-biomaterials, such as the tetra-
and octahedron [54]. This is a direct consequence of the lower
elastic modulus of auxetic structures, as discussed above within
the context of the Hashin-Shtrikman bounds. Altogether, our ob-
servations support the fact that auxetic structures exhibit supe-
rior normalized fatigue strength as compared to other non-auxetic
geometries [9,11].

4.4. Bone-mimicking requirements in biomedical implants

The values found in the literature regarding the most optimal
morphological properties for bone tissue regeneration are quite
diverse, partly because in-vitro and in-vivo optima greatly differ
[55-57]. A higher porosity is said to enhance osteogenesis [55,57],
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but it also decreases the mechanical strength and integrity of
the structure. As a consequence, the morphological and mechan-
ical properties should be simultaneously optimized for function-
ality and biological effectiveness. Given their relative density val-
ues (<0.50 RD), the structures in this study are expected to sup-
port the formation of de novo bone tissue [58]. In terms of the
pore size, bigger pores (>1000 pum) would favor direct osteogene-
sis, as they prevent the pores from being occluded and facilitate
cell growth through the optimal transport of oxygen and nutri-
ents [55,59,60]. Smaller pores (100-300 wm) tend to decrease the
permeability, but may increase the cell attachment [61]. A smart
meta-biomaterial may, therefore, be functionally graded, providing
both smaller pores for initial cell attachment and larger pores for
further proliferation and growth [59,60]. The presented mode val-
ues are larger than the recommended pore sizes [55,58,61,62], but
the statistical representations show that each specimen has mul-
tiple pore sizes that do fall within the recommended range. The
smaller superficial pores that were found on the surface of the
struts, as a direct result of the printing imperfections, may im-
prove bony ingrowth and, thus, implant fixation [55,63-67]. How-
ever, they tend to decrease the fatigue performance as well. Sur-
face treatments, such as sand-blasting, chemical etching, and even
laser modification could be used to provide a smooth implant sur-
face with sufficient texture for cell attachment, while retaining the
desired bulk mechanical properties [38,39,68].

While bone-mimicking meta-biomaterials should provide ade-
quate mechanical support, they should not be too stiff. To prevent
stress shielding, the auxetic meta-biomaterials should mimic the
mechanical properties of the host bone [69,70]. Bobyn et al. (1992)
even hypothesize a 2:1 or 3:1 stiffness ratio (femur to stem) [70].
Considering the increase in stiffness of a porous meta-biomaterial
once bone regeneration progresses [71], this seems a plausible ap-
proach. Considering the pure titanium used in this study, a relative
density of 30-40% would best mimic the mechanical properties of
trabecular bone [72]. In this case, the auxetic meta-biomaterials
will still have sufficient strength and stiffness to be applied as bone
substitutes [73,74].

As a bone substitute, meta-biomaterials generally experience
cyclic loading. In this study, we determined the fatigue limit at
106 cycles based on an average patient walking activity of 2 mil-
lion cycles/year and a bone fracture healing time of ~21-24 weeks
[75,76]. During this healing time, the bone will start to grow into
the implant, thereby significantly increasing the fatigue perfor-
mance of the bone-implant complex [71]. Until then, the auxetic
meta-biomaterial should be able to provide mechanical support.
Given the high variety of loading regimes in the human body and
the parameters affecting the musculoskeletal loading, it is impos-
sible to define the exact response that an auxetic meta-biomaterial
should exhibit in order to function in orthopedic implants. In ad-
dition to the above-mentioned factors, the optimal properties of
meta-biomaterials may also depend on the patient’s anatomy and
attributes. Computational models could, therefore, help in deter-
mining the patient-specific requirements, which could then be
used to design the optimal implant. Empirical relationships or fi-
nite element models will, therefore, be needed to predict the de-
formation and failure of such meta-biomaterials. The data pre-
sented here could serve as a means to verify any such model, given
the high number of unpredictable imperfections caused by the AM
process.

The use of CP-Ti ensured that the structures could continuously
deform without failure, in contrast to the widely applied Ti-6Al-4V
alloy [14]. A higher ductility influences the ratcheting rate, as the
material will be able to withstand a larger amount of plastic strain
before cracking [53,77]. This plasticity-driven mechanism decreases
the crack initiation and propagation, thereby enhancing the fatigue
performance [17,77]. As compared to the more brittle Ti-6A1-4V al-
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loy, the use of CP-Ti may substantially increase the (normalized)
maximum design stress of AM porous structures [17,22].

4.5. Future research

Compression is often considered the most dominant loading
mode in the musculoskeletal system, hence the numerous studies
on compression-compression fatigue testing of meta-biomaterials
[17-22]. Our work considered compression as well, both because
of its importance as the dominant loading mode and the fact that
it enables us to compare the results obtained here with those re-
ported previously on other non-auxetic meta-biomaterials. It is,
however, important to study the fatigue behavior of auxetic meta-
biomaterials under other loading regimes including tension and
bending. In the aforementioned design of a hip stem, the structure
is primarily subjected to tensile stresses, which should therefore
be the focus of future research [5].

As mentioned before, the biological response to auxetic meta-
biomaterials is still unclear. A few studies have investigated the ef-
fects of a negative Poisson’s ratio on the response of bone cells.
The results have, however, been inconclusive [78,79]. Further re-
search is needed to understand how the Poisson’s ratio of (aux-
etic) meta-biomaterials affects the proliferation and differentiation
of bone cells.

5. Conclusions

The compression-compression fatigue performance of AM aux-
etic meta-biomaterials made from CP-Ti was studied. The differ-
ent parameters defining the geometry of the re-entrant hexag-
onal honeycomb unit cell, including its aspect ratio, re-entrant
angle, and relative density, were varied to create auxetic meta-
biomaterials with different geometrical designs. The morphology,
static mechanical performance, and fatigue behavior of twelve dif-
ferent designs were assessed. All of the designs conformed well to
their intended geometry. Both morphological and static mechanical
properties of the resulting specimens were generally appropriate
for bone replacement purposes. The S-N curves of the majority of
the experimental groups exhibited the typical three-stage fatigue
behavior, but a minority exhibited multiple strain jumps, indicat-
ing a non-uniform plastic deformation. With an average maximum
design stress of 0.47 oy at 108 cycles (range: 0.35 0y-0.82 oy),
the auxetic meta-biomaterials studied here showed an exceptional
fatigue performance. Despite being a bending-dominated architec-
ture, the re-entrant hexagonal honeycomb exhibits maximum de-
sign stresses that are closer to some of the stretch-dominated unit
cells. With these results, we are one step closer towards the adop-
tion of auxetic meta-biomaterials in load-bearing applications, such
as hip stems made from a combination of meta-biomaterials with
positive and negative Poisson’s ratio values. Further optimization
and validation of the scanning parameters and the potential appli-
cation of post-processing treatments could further improve their
fatigue performance.
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