<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
CCBY

Citation (APA)

Kolken, H. M. A., de Jonge, C. P., van der Sloten, T., Garcia, A. F., Pouran, B., Willemsen, K., Weinans, H., & Zadpoor,
A. A. (2021). Additively manufactured space-filling meta-implants. Acta Biomaterialia, 125, 345-357.
https://doi.org/10.1016/j.actbio.2021.02.020

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.actbio.2021.02.020

Acta Biomaterialia 125 (2021) 345-357

Contents lists available at ScienceDirect

Acta Biomaterialia

journal homepage: www.elsevier.com/locate/actbio

Full length article

Additively manufactured space-filling meta-implants )

H.M.A. Kolken®* C.P. de Jonge?, T. van der Sloten®, A. Fontecha Garcia® B. Pouran,

Check for
updates

K. Willemsen®¢, H. Weinans®<, A.A. Zadpoor?*

2 Department of Biomechanical Engineering, Delft University of Technology, Delft, the Netherlands

b 3D Systems — LayerWise NV, Leuven, Belgium

¢ Department of Orthopedics and Department of Rheumatology, University Medical Center Utrecht, Utrecht, the Netherlands

ARTICLE INFO

Article history:

Received 13 November 2020
Revised 10 February 2021
Accepted 14 February 2021
Available online 19 February 2021

Keywords:
Meta-biomaterials
Non-auxetic
Meta-implants
Acetabular cup
Shape-matching

ABSTRACT

The unprecedented properties of meta-biomaterials could pave the way for the development of life-
lasting orthopedic implants. Here, we used non-auxetic meta-biomaterials to address the shortcomings
of the current treatment options in acetabular revision surgery. Due to the severe bone deficiencies and
poor bone quality, it can be very challenging to acquire adequate initial implant stability and long-term
fixation. More advanced treatments, such as patient-specific implants, do guarantee the initial stabil-
ity, but are formidably expensive and may eventually fail due to stress shielding. We, therefore, devel-
oped meta-implants furnished with a deformable porous outer layer. Upon implantation, this layer plas-
tically deforms into the defects, thereby improving the initial stability and homogeneously stimulating
the surrounding bone. We first studied the space-filling behavior of additively manufactured pure tita-
nium lattices, based on six different unit cells, in a compression test complemented with full-field strain
measurements. The diamond, body-centered cubic, and rhombic dodecahedron unit cells were eventu-
ally selected for the design of the deformable porous outer layer. Each design came in three different
relative density profiles, namely maximum (MAX), functionally graded (FG), and minimum (MIN). After
their compression in bone-mimicking molds with simulated acetabular defects, the space-filling behavior
of the implants was evaluated using load-displacement curves, micro-CT images, and 3D reconstructions.
The meta-implants with an FG diamond infill exhibited the most promising space-filling behavior. How-
ever, the required push-in forces exceed the impact forces currently applied in surgery. Future research
should, therefore, focus on design optimization, to improve the space-filling behavior and to facilitate the
implantation process for orthopedic surgeons.

Statement of significance

Ideally, orthopedic implants would last for the entire lifetime of the patient. Unfortunately, they rarely do.
Critically sized defects are a common sight in the revision of acetabular cups, and rather difficult to treat.
The permanent deformation of lattice structures can be used to create shape-morphing implants that
would fill up the defect site, and thereby restore the physiological loading conditions. Bending-dominated
structures were incorporated in the porous outer layer of the space-filling meta-implants for their consid-
erable lateral expansion in response to axial compression. A functionally graded density offered structural
integrity at the joint while enhancing the deformability at the bone-implant interface. With the use of a
more ductile metal, CP-Ti, these meta-implants could be deformed without strut failure.

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

* Corresponding author.

1. Introduction

The concept of architected metamaterials has played an im-
portant role in the development of materials with advanced func-
tionalities [1-3]. A desired set of mechanical (e.g., elastic modulus,
Poisson’s ratio), geometrical (e.g., curvature), mass-transport (e.g.,
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permeability, diffusivity), and biological properties (e.g., tissue re-
generative performance) may be obtained through the rational de-
sign of the small-scale architecture of such materials [4]. The term
‘meta-biomaterials’ may be used to refer to these multi-physics
metamaterials when they target biomedical applications to address
challenges that are ordinarily impossible to solve [5,6]. For exam-
ple, a combination of meta-biomaterials with positive and nega-
tives values of the Poisson’s ratio has been shown to compress
bone-tissue on both sides of a hip stem, thereby improving im-
plant fixation [7].

In this study, we developed deformable meta-implants us-
ing non-auxetic meta-biomaterials for the treatment of acetabu-
lar bone defects, which are frequently encountered in the revi-
sion of total hip replacement (THR) surgeries (Fig. 1A). The ac-
etabular component is involved in more than 50% of such revi-
sions, with the most common cause being aseptic loosening (i.e.,
the mechanical failure of the bone implant interface) [8-10]. An
acetabular revision can be very challenging, due to the moder-
ate to severe bone deficiencies and poor bone quality (Fig. 1A)
[11,12]. Several treatment options are available, including struc-
tural allografts, (jumbo) non-cemented hemispherical cups, ob-
long cups, antiprotrusio cages, or Trabecular Metal augments and
shells [12-16]. However, many of those procedures have too short
of a service life, which is primarily caused by a lack of ade-
quate fixation and loading [12,13]. Surgeons can opt for an addi-
tively manufactured (AM) patient-specific acetabular triflange im-
plant, in which three flanges are used to secure numerous screws
in the ischium, pubis, and ilium [17]. This results in adequate
primary stability, but since all forces will now be transferred
through the flanges, a non-physiological loading condition is cre-
ated. The pressure will primarily be directed at the acetabular rim,
which means the bone surrounding the cup, especially the me-
dial wall, will be unloaded, eventually leading to bone resorption
(the Wolff's law) [18]. This phenomenon is known as stress shield-
ing and may ultimately lead to implant loosening [19-21]. Fur-
thermore, patient-specific design of such implants increases the
costs.

To address both abovementioned shortcomings (i.e., functional-
ity and cost), we designed AM acetabular cups furnished with a
deformable porous outer layer. The latter will plastically deform
into the defects upon implantation (Fig. 1B). Filling up these de-
fects will improve the initial stability of the implant at the bone-
implant interface, by continuously and homogeneously stimulating
the bone surrounding the implant (the Wolff’s law) [18]. Moreover,
the porous outer layer enables bony ingrowth [22], thereby en-
hancing the secondary fixation of the implant. Finally, given that
the outer layer deforms to fill the defect space, there is no need
for a patient-specific design and the high costs that are associated
with that.

We started by studying the space-filling behaviors of AM lat-
tices based on six different types of non-auxetic unit cells (Fig. 1C).
Given that high levels of ductility are needed to achieve such
space-filling behaviors, we used commercially pure titanium (CP-
Ti) powder [23]. Compression tests were performed to obtain the
stress-strain curves for each of the non-auxetic meta-biomaterials,
which were used to calculate their quasi-static mechanical prop-
erties. Full-field strain measurements were also performed using
digital image correlation (DIC) [24], to determine the Poisson’s ra-
tio of the structures, which is expected to be correlated with their
space-filling behavior. Based on the results of the first step, three
unit cell types were chosen for the design of the porous outer layer
with three different profiles of relative density, namely maximum
(MAX), functionally graded (FG), and minimum (MIN) (Fig. 1D).
Then, a total of 27 deformable meta-implants were compressed in
bone-mimicking molds with several replicated acetabular defects
(Fig. 1E). The space-filling behavior of the meta-implants was eval-
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uated using the load-displacement curves, micro-CT images, and
3D reconstructions.

2. Materials and methods
2.1. Design and manufacturing

2.1.1. Non-auxetic meta-biomaterials

Six different unit cell types were used to design 5 x 5 x 5 unit
cell arrays using the additive manufacturing software 3DXpert 13.0
(3D Systems, Leuven, Belgium). They included the diamond (D),
rhombic dodecahedron (RD), cube (C), truncated cube (TC), trun-
cated cuboctahedron (TCO), and body-centered cubic (BCC) unit
cells (Fig. 1C). All unit cells were chosen because of their pos-
itive (and relatively large) Poisson’s ratios and previous consid-
eration in meta-biomaterials [3,5,25]. The targeted unit cell size
was 5 x 5 x 5 mm, and given the abovementioned cell array
this resulted in cubical specimens of 25 x 25 x 25 mm. The
rhombic dodecahedron has a deviating cell length in one direction,
which resulted in cubes measuring 25 x 17 x 17 mm (RD-X) and
17 x 25 x 17 mm (RD-YZ). The designed relative density of the
structures varied between 2% and 20%, by changing the diameter of
the circular struts constituting the porous structures. The final de-
signs were exported as .STL files. All designs were additively man-
ufactured at 3D Systems (Leuven, Belgium) using a DMP 320 ma-
chine (currently known as DMP Flex 350) and CP-Ti powder whose
chemical composition complied with ASTM F67, ASTM B265, ASTM
B348, ISO 5832-2, and ISO 13782 standards (Fig. 2A). This material
type was chosen for its ductility and the ability to continuously de-
form without mechanical failure [23,26]. Moreover, CP-Ti has some
other advantages over the more commonly used Ti-6Al-4V alloy,
including the absence of hazardous alloying elements [23,27]. After
printing, the parts were removed from the build plate using wire
electrical discharge machining (EDM). In total, four specimens were
printed for each design group, resulting in 140 specimens.

2.1.2. Deformable meta-implants

Three of the unit cell types were chosen for the design of de-
formable meta-implants based on their relatively high Poisson’s ra-
tios and low elastic moduli. They included the diamond, the body-
centered cubic, and the rhombic dodecahedron (Fig. 2B-C). To en-
hance the deformability of the porous outer layer, a functionally
graded structure was proposed. A unit cell size of 3 x 3 x 3 mm
was used to ensure a gradually changing relative density in the
13.75 mm outer layer. The relative density was graded in three
steps from 10% on the inside, to the minimum printable density at
the bone-implant interface. The minimum printable relative den-
sity is determined by the minimum printable strut diameter, which
is about 200 pm [28]. As a result, the minimum relative density
slightly differs between the unit cell types (D/BCC = 2%, RD = 4%).
The thickness of the three layers was made to decrease with the
relative density to further increase the deformability at the bone-
implant interface. This also mimics the hierarchical structure found
in bone and matches its elasticity at the bone-implant interface
[29,30]. For each of the unit cell types, two control cups were
designed and were fully filled with either a 10% relative density
structure (MAX) or with the minimum printable relative density
(MIN). The exact dimensions can be found in Fig. 1D. For each of
the designs, three specimens were printed, resulting in a total of
27 specimens.

2.1.3. Experimental setup

To assess the space-filing behavior of the proposed meta-
implants, replicas of the common types of acetabular defects
were made from a bone-mimicking material, namely cellular,
rigid, polyurethane foam (20PCF, #1522-12, Sawbones Europe AB,
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FG MIN

a=25.5mm b=3mm c=13.75mm d=3.25mm e=4mm f=6.5mm g =59 mm

Fig. 1. A study outline showing the current implant designs (A) and the considerable defects that may grow over time. (B) The design proposed in this study can be deformed
to fill up the defects and restore the physiological loading conditions. (C) Six non-auxetic unit cells (cube, truncated cube, truncated cuboctahedron, diamond, body-centered
cubic, and rhombic dodecahedron) were evaluated in terms of their quasi-static mechanical properties to choose three unit cells for further assessment in the deformable

meta-implants. (D) Each implant design comes in three different types of relative density (MAX, FG and MIN), which were eventually compressed in bone-mimicking molds
to assess their deformability (E).
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Fig. 2. An overview of the design choices as represented by the as-manufactured specimens. (A) The six different types of non-auxetic meta-biomaterials (rhombic dodecahe-
dron visualized in the YZ orientation). (B) Three non-auxetic meta-biomaterials (diamond, body-centered cubic, and rhombic dodecahedron) were chosen to be incorporated

in the deformable meta-implants (C-D).

Malmad, Sweden) (Fig. 1E). Sawbones delivered 27 solid cylinders (¢
80mm, h = 80mm), in which a ¥ 60 mm semi-hemisphere was re-
moved to mimic some of shape features of the acetabulum. Several
holes and grooves were made using a milling machine, to simulate
the Paprosky Type 2B defect found in the acetabulum after the re-
moval of a primary implant [31]. The same procedure was repeated
for all 27 molds. The defects were made to accommodate the de-
formation of the meta-implant throughout the entire range of the
imposed displacements.

2.2. Morphological characterization

The relative density of the non-auxetic meta-biomaterials was
determined by dry-weighing. The outer dimensions were measured
using a caliper, while their weight was determined on a labora-
tory scale (Sartorius AG, Goéttingen, Germany, accuracy = 0.1 mg).
According to the dry-weighing technique, the relative density of a
specimen can be calculated by dividing the weight of the specimen
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by the weight of a solid CP-Ti specimen with similar dimensions
and a density of 4.51 g/cm3 [32].

To study the morphology of the deformable meta-implants, two
micro-CT scans were made using a Quantum FX micro CT scan-
ner (Perkin Elmer, Waltham, United States), once before and once
after compression into the mold. Subsequently, the micro-CT im-
ages could be used to assess the space-filling behavior of the meta-
implants after compression. Tape was used to secure the cups in-
side the mold. The scans were performed with a voltage of 90 kV
and a tube current of 200 ©A. A 60 x 60 mm field of view (FOV)
was used to visualize the overall deformation, using a voxel size
of 1203 um3. The sliced TIFF stacks were, then, imported into the
image analysis software Fiji [33]. The histograms were equalized,
a threshold was applied, and an additional Bernsen local thresh-
olding was used to create binary images. A region of interest (ROI)
was selected, in which the morphological characteristics were de-
termined using the Bone] plugin [34]. A 3D reconstruction of the
images was created using the 3D viewer plugin to evaluate the
location and degree of deformation of the meta-implants inside
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the molds. In addition to this visual inspection, the deformation
was quantitatively evaluated using the degree of anisotropy (DA)
calculated with the Bone] plugin. Additional scans were therefore
made with a 40 x 40 mm FOV and a voxel size of 80 um3. The
mean intercept length was used to estimate the degree to which
substructures are preferentially oriented within a volume. The ob-
tained values range between 0 and 1, from fully isotropic to fully
anisotropic, respectively. The molds were eventually cut open to
evaluate the extent to which they had been affected by the com-
pression tests.

2.3. Mechanical testing

All non-auxetic meta-biomaterials were axially compressed us-
ing a mechanical testing machine (Zwick GmbH & Co. KG, Ulm,
Germany) with a constant rate of 1 mm/min up until 40% strain.
A 10, 20, or 250 kN load cell was used to match the load cell
availability with the specifications of the experiments. The stress-
strain curves were then used to acquire the quasi-static mechani-
cal properties of the porous structures according to the ISO stan-
dard 13314:2011 [35]. The data were corrected for the machine
compliance according to the ‘direct technique’ presented by Ka-
lidindi et al. [36]. As a result, the maximum applied strain de-
creased. The “quasi-elastic gradient”, from now on referred to as
the elastic modulus, was calculated in the linear region between
20% and 70% of the first maximum compressive stress (FMCS). The
[SO-13314:2011 standard also introduces the concept of “compres-
sive offset stress”, which was measured at 0.2% plastic compressive
strain. This property will from now on be referred to as the yield
strength.

The DIC technique was used to measure the full-field strains
experienced during the compression of the non-auxetic meta-
biomaterials [24]. DIC calculates the strain field by comparing the
images of a specimen at different stages of deformation, while
tracking an array of pixels. The specimens in this study do not have
an intrinsic pixel pattern. Therefore, they had to undergo surface
preparation: all specimens were painted black after which their
front surface was stamped in white. A black, random, and unique
pixel pattern was then added using an airbrush. Two 4 MP digi-
tal cameras (Limess, Krefeld, Germany) were used to capture the
front surface of the specimens with a frequency of 1 Hz. The sys-
tem was calibrated using the VicSnap software (Correlated Solu-
tions Inc., Irmo, USA). The obtained images were analyzed using
Vic-3D 8 (Correlated Solutions Inc., Irmo, USA) to calculate the val-
ues of directional strains (i.e., exx and &yy). For each of the lattice
structures, a 3 x 3 cell array was selected as the region of interest,
for which the strain values of the vertices were used to calculate
the Poisson’s ratio, v (= -gx/€yy). This was done for the images
captured within the elastic region of the stress-strain curve using
MATLAB 2017b (MathWorks, Natick, United States).

To test the deformability of the meta-implants, compression
tests were performed on a static test machine (Zwick GmbH & Co.
KG, Ulm, Germany) with a 20 kN load cell using the setup depicted
in Fig. 1TE. A 25 mm steel ball was used to apply a constant dis-
placement of 0.5 mm/min to the inner hemisphere of the cup until
a maximum displacement of 5 mm was achieved.

2.4. Statistical analyses

A two-way ANOVA was conducted to analyze the interaction
between the effects of the relative density and unit cell type on
each of the mechanical properties mentioned above. This statistical
analysis was performed in SPSS 25.0 (IBM, Armonk, United States)
and significance was assumed at p < 0.05. If a significant effect
was found, an analysis of simple main effects was performed us-
ing a Sidak correction. The results have been presented according
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to the APA (American Psychological Association) standards, using
the F-score (df, df error), as a measure of the ratio of variances,
and the p-value.

3. Results
3.1. Non-auxetic meta-biomaterials

The as-manufactured relative density values, determined us-
ing the dry-weighing technique, varied between 20.0% and 2.4%
(Table 1). The 20% CAD designs had a slightly lower relative den-
sity once manufactured, whereas almost all other designs gained
some density during the printing process (Table 1). These devia-
tions differed per unit cell type, although non-significantly. In all
cases, the differences were < 5%.

The stress-strain curves of the non-auxetic meta-biomaterials
(Fig. 3) and the derived mechanical properties (Fig.4A-B) were con-
sistent between the specimens of each group. The cube and trun-
cated cube exhibited a clear layer-by-layer collapse, whereas all
specimens of the remaining four designs did not exhibit strut fail-
ure (Fig. 3). The diamond and rhombic dodecahedron (RD-YZ) ex-
hibited a diagonal ‘folding’ line, while the body-centered cubic
formed a flower-like shape around its center. A uniform defor-
mation was observed in the rhombic dodecahedron (RD-X) spec-
imens, showing a folding pattern in all of its layers. All data were
normally distributed (p > 0.05). While the assumption of the ho-
mogeneity of the variances was violated (p < 0.01), the two-way
ANOVA could still be performed due to the equal sample sizes and
a variance ratio smaller than 3.

A statistically significant interaction was found between the
effects of the unit cell type and relative density on the elastic
modulus (F (24,104) = 61.147, p < 0.001) (Fig. 4A). Subsequently,
the main effect for the unit cell type yielded an F-score of F
(6,104) = 890.102, p < 0.001, indicating significant differences. The
only unit cell types that did not exhibit significantly different elas-
tic moduli were the diamond and the rhombic dodecahedron (both
orientations). The differences were most apparent at a relative
density of 20% (F (6,104) = 381.284, p < 0.001), and least apparent
at a relative density of 2% (F (6,104) = 5.610, p < 0.001). The main
effect of the relative density on the elastic moduli yielded an even
bigger F-score of F (4,104) = 1023.682, p < 0.001, highly affecting
the cube specimens (F (4,104) = 626.978, p < 0.001) and least af-
fecting the body-centered cubic specimens (F (4,104) = 15.881, p <
0.001).

The type of the unit cell also significantly affected the yield
strength (F (6,104) = 329.814, p < 0.001) (Fig. 4A). Non-significant
differences were found between the diamond and both orienta-
tions of the rhombic dodecahedron. Again, the biggest differences
were found at a relative density of 20% (F (6,104) = 253.403, p <
0.001), while values only slightly differed at a relative density of
2% (F (6,104) = 0.913, p < 0.001). The relative density yielded a
significant main effect as well (F (4,104) = 2193.557, p < 0.001),
especially in the truncated cube specimens (F (4,104) = 646.540, p
< 0.001). The interaction effects of the unit cell type and relative
density was also significant (F (24,104) = 40.274, p < 0.001).

The FMCS was significantly affected by the type of the unit
cell (F (6,104) 308.446, p < 0.001), the relative density (F
(6,104) = 2238.606, p < 0.001), as well as their interaction (F
(24,104) = 46.493, p < 0.001) (Fig. 4A). The differences in the FMCS
between the diamond and the rhombic dodecahedron orientations
were non-significant, as well as between the cube and truncated
cube specimens. In general, the biggest differences were found at
a relative density of 20% (F (6,104) = 295.612, p < 0.001) and the
smallest at a relative density of 2% (F (6,104) = 0.688, p < 0.001).
Significant differences, as a result of the relative density, were the
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Table 1
The as-manufactured relative density of the non-auxetic meta-biomaterials.

As-manufactured relative density [%]

C TC TCO RD-YZ RD-X D BCC
CAD mean std. mean std. mean std. mean std. mean std. mean std. mean std.
20 20.00 0.10 19.99 0.18 19.61 0.11 18.50 0.21 19.21 0.18 16.75 0.10 16.19 0.27
15 15.37 0.07 15.38 0.05 15.86 0.03 14.66 0.11 15.20 0.08 12.95 0.03 12.83 0.07
10 10.97 0.09 10.91 0.10 10.86 0.03 10.06 0.10 10.62 0.11 8.79 0.03 9.18 0.07
5 5.96 0.07 6.06 0.01 6.14 0.08 5.84 0.04 6.15 0.06 5.12 0.08 5.19 0.03
2(4) 2.75 0.05 2.84 0.05 3.37 0.09 3.32 0.13 3.32 0.13 2.41 0.08 2.64 0.03
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Fig. 3. The average stress-strain curves of the non-auxetic meta-biomaterials including the deformation of the designs with the relative densities of 2% and 20%. (A) cube,
(B) truncated cube, (C) truncated cuboctahedron, (D) diamond, (E) body-centered cubic, (F) rhombic dodecahedron (RD-YZ), and (G) rhombic dodecahedron (RD-X).

greatest for the truncated cube specimens (F (4,104) = 776.631, p Poisson’s ratio of the cube lattices was not found to be signif-
< 0.001). icantly different from the truncated cube lattices. The diamond

The values of the Poisson’s ratio (Fig. 4B) calculated using the lattices actually showed resemblance with the rhombic dodecahe-
DIC images (Fig. 4C-F) were significantly affected by the interac- dron (RD-X) and the body-centered cubic lattices, in terms of their
tion of the effects of the unit cell type and relative density (F Poisson’s ratio. The same held for the truncated cuboctahedron
(24,90) = 13.957, p < 0.001). The unit cell type alone was also and the rhombic dodecahedron (RD-X). These similarities were the
found to significantly affect the Poisson’s ratio (F (6,90) = 331.987, clearest at a relative density of 2% (F (5,90) = 18.289, p <.001),
p < 0.001), but non-significant differences were also found. The while the largest differences were found at a relative density of
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Fig. 4. The experimental mechanical properties of the non-auxetic meta-biomaterials as a function of their relative density + SD. (A) The elastic modulus, yield strength,
and first maximum compressive stress. (B) Poisson’s ratio. (C-F) Some examples of the 3 x 3 cell arrays used to calculate the Poisson’s ratio of the (LTR) cube, diamond,
truncated cuboctahedron, and rhombic dodecahedron (RD-YZ) structures including the obtained horizontal strain values.
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Table 2

The degree of anisotropy found in the acetabular implants before and after compression in the mold.

Acta Biomaterialia 125 (2021) 345-357

Type Degree of Anisotropy Difference [%]
BEFORE std. AFTER std.

BCC MAX 0.173 0.009 0.152 0.007 11.77

NS MIN 0.184 0.054 0.137 0.007 19.66
FG 0.161 0.011 0.100 0.007 19.24
MAX 0.153 0.009 0.159 0.003 -3.85
MIN 0.138 0.054 0.064 0.028 52.30
FG 0.118 0.011 0.080 0.023 3293
MAX 0.389 0.031 0.362 0.038 5.86
MIN 0.537 0.036 0.506 0.008 4.59
FG 0.493 0.048 0.383 0.038 22.14

5% (F (6,90) = 146.838, p <.001). The relative density itself also
significantly affected the Poisson’s ratio (F (4,90) = 41.028, p <
0.001), especially in the rhombic dodecahedron (RD-YZ) specimens
(F (4,90) = 64.205, p < 0.001).

3.2. Deformable meta-implants

The highest push-in forces (14.3 kN) were measured during the
compression of the cups with the highest relative density (MAX),
while the lowest maximum forces (3.3 kN) were observed dur-
ing the compression of the cups with the lowest relative density
(MIN) (Fig. 5A). The functionally graded (FG) designs performed
in between these two densities. For all three design types (MAX,
MIN, FG), the lowest push-in forces were measured for the body-
centered cubic cups, followed by the diamond and rhombic dodec-
ahedron, respectively.

Based on the 2D and 3D representations of the deformations
(Fig. 5B-D) and the measured values of DA (Table 2), the smallest
deformations were found in the MAX designs. Cutting the molds
revealed that most of the deformation took place in the mold it-
self, instead of the cup. The molds did not show any signs of
failure. The biggest deformations were found in the MIN designs,
but visual inspection showed that the unit cells surrounding the
solid hemisphere started bulging upwards during the compression
tests (Fig. 5B-D). The micro-CT images showed that the deforma-
tions had mainly occurred in the struts connected to the solid
hemisphere. After the mold was cut open, one could see that the
porous outer layer had not been fully deformed into the defects.
The rhombic dodecahedron cups were an exception, in which the
DA values showed relatively small deformations in the MIN design.
The FG designs were found to show the biggest deformation at the
mold-implant interface, filling the defects, without any visual col-
lapse surrounding the solid hemisphere.

4. Discussion
4.1. Geometry-property relationships

The as-manufactured relative density of the non-auxetic meta-
biomaterials determined using the dry-weighing technique were
generally higher than their designed values (with some excep-
tions). The observed difference decreased with the relative den-
sity. These deviations may have been caused by geometrical im-
perfections (e.g., powder adhesion, strut thickness heterogeneity,
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and over-melting) inherent to all metal powder bed fusion pro-
cesses [28,37-41]. This explanation is especially consistent with
the assumption that the size of these imperfections is more or
less constant across the entire strut thickness spectrum [42], re-
sulting in a stronger effect in the designs with smaller struts diam-
eters and, thus, lower relative densities. Moreover, the differences
between the designed and as-manufactured values of the relative
density differed depending on the type of the unit cell. The dia-
mond lattices showed the biggest deviations from their CAD file
(mean absolute difference = 1.4%), while the cube lattices were al-
most a one-to-one match (mean absolute difference = 0.6%). The
oblique struts, which are dominant in unit cells like the diamond,
are generally built by the stacking of melt pools across multiple
layers [28,38]. Additionally, printing of these struts forces the laser
to make frequent acute turns, thereby enlarging the melt pool
[28,37,38]. In the end, both events contribute to an increase in
strut thickness. Oblique struts are usually of lower quality as well,
compared to vertically oriented struts, which could influence the
below-mentioned mechanical properties [43].

The mechanical properties of the non-auxetic meta-biomaterials
were determined according to terms and descriptions presented
in the 1SO-13314:2011 standard [35]. A typical stress-strain curve
of porous structures starts with a linear region, which is fol-
lowed by fluctuations in the plateau region and finally ends in
a sharp increase towards densification [44]|. The obtained stress-
strain curves showed similar, but also different behaviors. The de-
formation mechanism of lattices is usually a combination of bend-
ing and stretching [45,46]. The dominant deformation mechanism
depends on the connectivity of the unit cells as well as the orien-
tation of the struts with respect to the loading direction [45,46].
With the main strut orientation aligned along the loading direc-
tion, structures like the cube and truncated cube are more stretch-
dominated. Their stress-strain curve shows a sharp increase in
stress up until very high loads, followed by a layer-by-layer col-
lapse, typical for brittle structures [47]. Lattices like the diamond,
body-centered cubic, and rhombic dodecahedron (both orienta-
tions) exhibit an inclined main strut orientation and thus, mainly
deform through bending. Their stress-strain curve shows a gradual
increase in stress followed by a plateau. The truncated cuboctahe-
dron was found to perform in between those two categories, show-
ing a behavior similar to those of the stretch-dominated structures
for the higher values of the relative density while resembling the
behavior of the bending-dominated structures for the lower values
of the relative density. For the lower values of the relative den-
sity, the rhombic dodecahedron (RD-YZ) structures showed fluctu-
ations without a clear plateau. The final densification phase cannot



H.M.A. Kolken, C.P. de Jonge, T. van der Sloten et al.

Acta Biomaterialia 125 (2021) 345-357

15000
—D  — MAX
—BCC -~ FG
RDYZ -- MIN
10000 -
z
T
®©
o
-
5000 [~
0
0 0.5 1 1.5

2

25 3

Fig. 5. The deformation data measured for the deformable meta-implants. (A) Load displacement curves, (B-D) micro-CT images, and the 3D reconstructions of the diamond,
body-centered cubic, and rhombic dodecahedron cups before and after deformations.

be seen in these stress-strain curves, but are expected to appear
for some higher values of the applied strain [44].

According to the Gibson and Ashby model [48], the elastic mod-
ulus, yield strength, and FMCS all increase with the relative den-
sity. Deviations from this trend were found in the cube and trun-
cated cube lattices. Whereas all other groups were tested with a
250 kN load cell (high relative density specimens) or 10/20 kN load
cells (low relative density specimens), the load cell selection was
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less consistent for those designs due to machine availability. To-
gether with the machine compliance correction applied afterwards,
this might have led to a non-continuous trend line.

Based on the quasi-static properties, and the accompanying
stress-strain curves, two groups could be distinguished. The first
group consists of the lattice structures with high values of the
elastic modulus, including the cube, truncated cube, and truncated
cuboctahedron unit cells. The latter approaches the second group
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for the lower values of the relative density. The second group in-
cludes the diamond, body-centered cubic, and rhombic dodecahe-
dron (both orientations) unit cells, exhibiting lower values of the
elastic modulus. In general, the cubic lattices exhibited the highest
elastic moduli, while the body-centered cubic lattices were found
to have the lowest stiffness. The obtained values followed the same
order as reported in the literature [3,49]. The rhombic dodecahe-
dron lattices are, however, an exception. Whereas other studies
show that the rhombic dodecahedron unit cell performs in be-
tween the truncated cube and diamond unit cells, the lattices in
our study only outperform the body-centered cubic lattices [3,49].
The rhombic dodecahedron (RD-YZ) lattices did exhibit a higher
stiffness than their counterparts in the X orientation, which is in
line with the literature [3,49-51]. As compared to their Ti-6Al-
4V counterparts, the lattices in this study exhibited slightly lower
elastic moduli and strength [3]. This is expected given the differ-
ence in the bulk properties of Ti-6Al-4V and CP-Ti [32,52].

All unit cell types showed decreasing values of the Poisson’s
ratio with the relative density, which is expected given the the-
oretical predictions of such structures [3,49]. The truncated cube
lattices exhibited an auxetic behavior for the relative densities be-
tween 5% and 15%, which is unexpected given that this unit cell is
generally considered to be non-auxetic [3,53]. The rhombic dodec-
ahedron (RD-YZ) lattices exhibited Poisson’s ratios as high as 1.56,
reflecting their anisotropy while showing an abrupt drop at a rela-
tive density of 2%. This probably relates to the decreased reliability
of the DIC method for the very low values of the relative density
where, due to the small strut thickness, the number of traceable
pixels is limited. Additionally, these specimens quickly reach their
yield point. Since the Poisson’s ratio is calculated in the elastic re-
gion, the number of the data points available for calculating the
Poisson’s ratio is limited. Consequently, the values of the Poisson’s
ratio measured for such highly porous structures tend to be less
accurate and may deviate from theoretical predictions [3,49]. The
rhombic dodecahedron (RD-X) lattices on the other hand, exhibited
values between 0.46 and 0.76. The significant difference between
these two rhombic dodecahedron orientations has been reported
in the literature [3,50,51], but the absolute values differ. Babaee
et al. reported values of 4+ 0.5 for RD-X and + 1.0 for RD-YZ [50],
while other computational and numerical data pointed at values
ranging between 0.00 and 0.40 for RD-X and between 0.42 and
1.0 for RD-YZ [3,49,51]. Given that the Poisson’s ratio of porous
structures is a function of their relative density, the exact values
of the Poisson’s ratio reported in different studies are also depen-
dent on the range of the relative densities considered within each
study. The values of the Poisson’s ratios obtained in this study,
while not exactly matching the data in the literature, are in line
with the findings of previous studies [3,50,51]. They also follow
the same main trend in which bending-dominated unit cells ex-
hibit a greater lateral expansion in response to axial compression
than the stretch-dominated designs [3,49]. The values measured
here do seem to be overestimating the Poisson’s effect, which can
be explained by the use of DIC. This technique generally overes-
timates small-magnitude homogeneous strain-fields by about 3-
4% [54]. Overall, the highest Poisson’s ratio values were found for
the rhombic dodecahedron (RD-YZ) lattices followed by the body-
centered cubic, diamond, rhombic dodecahedron (RD-X), and trun-
cated cuboctahedron lattices, respectively. The truncated cube lat-
tices exhibited the smallest space-filling potential, due to their ex-
traordinary auxetic response.

Based on all of the aforementioned properties (i.e., a low elas-
tic modulus and high values of the Poisson’s ratio), the diamond,
body-centered cubic, and rhombic dodecahedron unit cells were
chosen to be implemented in the deformable meta-implants. The
relatively high values of their Poisson’s ratios suggest that these
unit cells have the ability to increase their volume in directions
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perpendicular to the load. Together with their high strength, low
stiffness, and the ability to deform without failure, they were
expected to perform the best in the design of space-filling, de-
formable meta-implants.

4.2. Space-filling behavior

The load-displacement curves showed a clear distinction be-
tween the designs, with the lowest push-in forces measured in the
designs based on the body-centered cubic unit cell, while the high-
est push-in forces were recorded for the rhombic dodecahedron
group. The deformable meta-implants, therefore, do not follow the
same order as found in the first part of this study regarding the
non-auxetic meta-biomaterials. Despite their similar mechanical
properties, the diamond and rhombic dodecahedron unit cells ex-
hibited a substantial difference in their push-in force, especially
in the FG and MIN designs. The slightly higher minimum rela-
tive density in the rhombic dodecahedron designs (4%) may be the
reason for this. Additionally, the rhombic dodecahedron unit cell
is highly anisotropic and may, therefore, behave very differently
in this hemispherical configuration. This does, however, reflect the
mechanical properties of the rhombic dodecahedron found in the
literature, which are generally higher than those found for the di-
amond unit cell [3,49]. Regarding the three relative density pro-
files (i.e., MAX, FG, MIN), the lowest push-in forces were found for
the designs with the smallest strut thickness, and, thus, the lowest
relative density (MIN). Due to the small thickness to length ratios,
the struts in these designs have a lower bending stiffness. Together
with the tendency to buckle as a result of the increased slender-
ness ratio, these structures will more easily deform. The ease of
deformation will, therefore, decrease with the relative density.

Due to the absence of comparable literature, a new approach
had to be found to quantify the meta-implant’s deformation. The
DA was determined before and after the deformation and showed
that the substructures were more isotropic after compression into
the mold. This can be explained by the fact that the struts start to
align during compression, whereas the initial design includes var-
ious strut orientations. In general, the biggest change in the pref-
erential orientation was found in the MIN designs. However, dif-
ferences with the other two relative density types were not al-
ways significant and a deviation from this trend was found for
the rhombic dodecahedron unit cell. The reliability of this method
should, therefore, be evaluated. Nevertheless, the values show that
the biggest deformation took place in the cups designed using the
diamond unit cell, followed by the body-centered cubic and finally
the rhombic dodecahedron unit cell.

The micro-CT images indicated where the deformation exactly
took place. The deformation of the MIN designs primarily took
place in the struts directly connected to the solid hemisphere. Due
to this failure, the solid hemisphere was compressed through the
porous outer layer and a bulging effect occurred at the bottom.
Due to the low relative density, the outer layer was simply not
strong enough to transfer the forces from the solid hemisphere to
the mold-implant interface. The MAX designs, on the other hand,
were too stiff to deform in the relatively ‘soft’ mold. Their visual
deformation supported the low DA values that were measured. The
FG designs seem to provide the desired deformation pattern. The
struts surrounding the solid hemisphere remained intact, while the
unit cells directly in contact with the mold deformed into the de-
fects. Despite being detectable, this deformation was limited. This
was, however, expected given the relatively small compression that
was applied. Due to the small differences in the Poisson’s ratios,
we could not observe a significant correlation between this prop-
erty and the space-filling behavior of the meta-implants. However,
according to both visual and quantifiable data, the diamond-FG cup
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exhibited the most promising deformability and space-filling prop-
erties.

4.3. Challenges and limitations

Due to the explorative nature of this study, it was quite chal-
lenging to find suitable and reliable methods to assess the perfor-
mance of the specimens. DIC has been used before to determine
the strain distributions of lattices [55-57], but only a few stud-
ies actually calculated the Poisson’s ratio [7,58,59]. Furthermore,
it never involved structures with very low values of the relative
density. Some of the non-auxetic meta-biomaterials in this study
have very thin struts and, thus, a limited number of traceable pix-
els. Together with the relatively small elastic region, this resulted
in large intra-specimen variability. For the cubic lattices with a rel-
ative density of 2%, it was even impossible to retrieve a sufficient
number of data points to calculate the Poisson’s ratio. By increas-
ing the strut thickness, and, thus, the surface of traceable pixels,
the reliability of the results improved with smaller intra-specimen
differences.

Furthermore, the non-auxetic meta-biomaterials were com-
pressed in the build direction. This may not be a problem consid-
ering the isotropic nature of most of the unit cell types, but the
printing process itself has also been found to introduce a certain
level of anisotropy [5,43]. The inferior print quality of horizontally
built struts will affect the overall quality of the constructs, and,
thus, their direction-dependent mechanical properties [38,43,60].
The non-auxetic meta-biomaterials should, therefore, be tested in
multiple directions to obtain a clear overview of their behavior.

This study can be regarded as the first attempt to additively
manufacture and experimentally assess a deformable (FG) space-
filling meta-implant. First, decisions had to be made to effectively
assess the deformability of the implants while mimicking the cor-
rect anatomical situation. A bone-mimicking foam was chosen over
cadaveric bone for testing the performance of the developed meta-
implants, because it offers a higher level of reproducibility and a
lower degree of inter-specimen variability (both geometrical and
in terms of the mechanical properties). With a Young’s modulus
of 0.137 GPa, the elastic modulus of the bone-mimicking material
falls in the range of the values reported for the healthy trabecu-
lar bone [61]. However, the patients in need of a hip replacement
often have significant acetabular bone deficiencies and poor (osteo-
porotic) bone quality. The use of this material may, therefore, not
exactly represent the mechanical properties of (all) patients. Pa-
tel et al. argued that bone-mimicking foams with a lower density
(10PCF) may better represent the bone properties of this group of
patients [62]. In general, it is possible to design different classes of
such implants with different mechanical properties of the porous
outer layer. The appropriate class of deformable implants can be
chosen based on the quality of the patient’s bones.

Another limitation involves the high push-in forces that were
needed to compress and deform the meta-implants into the mold.
For a surgeon, it will be difficult, if not impossible, to apply such
forces using a constant deformation rate. Currently, acetabular cups
are implanted using impact forces with a mean magnitude of 16.8
kN. A successful implantation may take up to five impacts with
peak forces reaching 27.5 kN [63]. However, such a procedure may
lead to unpredictable deformations in the case of deformable im-
plants. Additionally, peak forces may cause strut failure, which
could induce an inflammatory reaction at the bone-implant in-
terface [64]. Even though the force magnitudes are not directly
comparable due to their different nature (i.e. impact forces vs.
quasi-statically applied), this comparison does serve the intention
of showing the relatively high forces required for the deformation
of our implants.
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One could think of two possible scenarios to ensure implant
stability and integrity: a new surgical procedure or an optimized
implant designed for increased deformability (or a combination
thereof). Screw fixtures along the rim of the implant could be
used to apply a more uniform deformation, but the removal of
the screws after the implantation will be crucial to prevent stress
shielding. The optimization of the implant design can be achieved
by increasing the unit cell size to decrease the overall bending
stiffness or by decreasing the strut thickness, provided that the
printing tolerances improve. It should, however, be noted that the
thickness of the porous layer does not change. As a result, the
number of stacked unit cell layers decreases, and the relative den-
sity may need to be changed within the same unit cell.

4.4. Potential applications and future research

The mechanical properties that have been obtained in this
study for a number of non-auxetic meta-biomaterials add to the
growing library of geometry-property relationships available for
lattice structures. With this library, we can facilitate the selection
of non-auxetic meta-biomaterials for specific implant applications.

The use of a more ductile material, such as CP-Ti, contributes
to the overall deformability of the meta-implants proposed here.
Although the space-filling behavior of the implants is not yet opti-
mal, there are some clear paths towards design optimization po-
tentially with the help of computational models to achieve the
space-filling behavior that is required for the intended orthopedic
applications. Besides strut-based unit cells, one could also think of
using sheet-based constructs. The curvature of triply periodic min-
imal surfaces (TPMS) is believed to mimic the trabecular morphol-
ogy, and is, therefore, a promising alternative [65]. These curved
surfaces result in enhanced tissue regeneration. Given their posi-
tive Poisson’s ratios [66], TPMS may also exhibit promising space-
filling properties [4].

The use of a functionally graded relative density improved the
performance of the space-filling deformable meta-implants while
simultaneously mimicking the hierarchical structure of bone [29].
A previous study by Wang et al. showed that the use of a function-
ally graded relative density could provide many advantages over
existing acetabular cup designs [30]. The other two designs (MAX,
MIN) showed the undesirable effects of using a single relative den-
sity and helped in putting the added value of a functionally graded
design in perspective. After optimization, the FG cup may be used
to treat acetabular defects with large bone deficiencies. The areas
of application include not only the Paprosky type 2 defects but
also cases in which the medial wall is no longer intact [31]. The
induced plastic deformation makes sure that the implant settles
in the bone defect, enhancing the force distribution at the bone-
implant interface. Mimicking the physiological loading situation
is important for stimulating bony ingrowth and is, therefore, ex-
pected to contribute to the secondary fixation of the meta-implant.
A dual mobility cup could then be cemented in place, similar to
the custom-made triflange implants [17]. When done properly, this
concept could become the next standard in the treatment of both
primary and secondary hip replacements.

Before the idea of space-filling deformable meta-implants can
be put into practice, one has to assess the mechanical and biologi-
cal properties of such implants over time. During their lifetime, ac-
etabular implants are subjected to millions of loading cycles [67].
The fatigue performance of such implants is, therefore, an impor-
tant aspect that needs to be carefully evaluated. For some of the
non-auxetic meta-biomaterials the fatigue performance has already
been studied [5,23,68-71]. Those studies have shown the impor-
tance of material type, printing imperfections, and geometrical de-
sign in determining the fatigue behavior of porous biomaterials
[72]. CP-Ti has been proposed as the material of choice in cycli-
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cally loaded applications [23], as its plasticity decreases the crack
initiation and propagation. However, future research should assess
the fatigue performance of the porous structures used in the de-
sign of a space-filling meta-implant.

The effects of the pore size are also worth mentioning. The de-
formation of the porous outer layer will decrease the pore size
within the porous structure and may potentially lead to the closure
of some pores. This could have substantial biological consequences
[73]. Other time-dependent phenomena, such as tissue ingrowth,
should, therefore, be evaluated before pursuing the proposed con-
cept further.

Based on the obtained properties of the non-auxetic meta-
biomaterials considered here, one could think of many possible ap-
plications. Load-bearing locations like the acetabulum are an ex-
ample, but any type of bone defect could benefit from the de-
formability of CP-Ti lattices. In the locations where the mechanical
performance is solely based on the quasi-static properties of the
biomaterial, one could instantly benefit from the meta-biomaterials
designed here. With the additional ‘plastic’ benefits when manu-
factured in CP-Ti, these non-auxetic meta-biomaterials could po-
tentially serve other industries too.

5. Conclusions

We assessed the mechanical properties of additively manufac-
tured architected materials made from six different non-auxetic
unit cells and evaluated their performance in the design of a de-
formable meta-implant. With the aim of restoring the physiolog-
ical loading conditions in critically sized acetabular defects, the
meta-implants were given a highly porous outer layer with en-
hanced space-filling properties. The diamond, body-centered cubic,
and rhombic dodecahedron lattices were found to exhibit the most
ideal combination of properties including a low stiffness and a
high positive Poisson’s ratio. They were, therefore, implemented in
the design of deformable meta-implants with three types of den-
sity distributions. The meta-implants were compressed in a bone-
mimicking mold mimicking the Paprosky Type 2B defects. Micro-
CT images revealed that the most promising deformation pattern
was found in the functionally graded meta-implants based on the
diamond unit cell. Despite a satisfactory deformation at the mold-
implant-interface, the push-in forces were too high (3.3-14.3 kN).
Design optimization should, therefore, be an important part of fu-
ture research to optimize the space-filling behavior of the meta-
implants and to facilitate the implantation process for orthopedic
surgeons. Taking this into consideration, this deformable implant
design has the potential to improve the biological fixation and de-
crease stress shielding in the acetabular component of a THR.
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