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a b s t r a c t

Additively manufactured (AM) functionally graded porous metallic biomaterials offer unique opportuni-
ties to satisfy the contradictory design requirements of an ideal bone substitute. However, no functionally
graded porous structures have ever been 3D-printed from biodegradable metals, even though biodegrad-
ability is crucial both for full tissue regeneration and for the prevention of implant-associated infections in
the long term. Here, we present the first ever report on AM functionally graded biodegradable porous
metallic biomaterials. Wemade use of a diamond unit cell for the topological design of four different types
of porous structures including two functionally graded structures and two reference uniform structures.
Specimens were then fabricated from pure iron powder using selective laser melting (SLM), followed by
experimental and computational analyses of their permeability, dynamic biodegradation behavior,
mechanical properties, and cytocompatibility. It was found that the topological designwith functional gra-
dients controlled the fluid flow, mass transport properties and biodegradation behavior of the AM porous
iron specimens, as up to 4-fold variations in permeability and up to 3-fold variations in biodegradation rate
were observed for the different experimental groups. After 4 weeks of in vitro biodegradation, the AM por-
ous scaffolds lost 5–16% of their weight. This falls into the desired range of biodegradation rates for bone
substitution and confirms our hypothesis that topological design could indeed accelerate the biodegrada-
tion of otherwise slowly degrading metals, like iron. Even after 4 weeks of biodegradation, the mechanical
properties of the specimens (i.e., E = 0.5–2.1 GPa, ry = 8–48 MPa) remained within the range of the values
reported for trabecular bone. Design-dependent cell viability did not differ from gold standard controls for
up to 48 h. This study clearly shows the great potential of AM functionally graded porous iron as a bone
substituting material. Moreover, we demonstrate that complex topological design permits the control of
mechanical properties, degradation behavior of AM porous metallic biomaterials.

Statement of Significance

No functionally graded porous structures have ever been 3D-printed from biodegradable metals, even
though biodegradability is crucial both for full tissue regeneration and for the prevention of implant-
associated infections in the long term. Here, we present the first report on 3D-printed functionally graded
biodegradable porous metallic biomaterials. Our results suggest that topological design in general, and
functional gradients in particular can be used as an important tool for adjusting the biodegradation
behavior of AM porous metallic biomaterials. The biodegradation rate and mass transport properties of
AM porous iron can be increased while maintaining the bone-mimicking mechanical properties of these
biomaterials. The observations reported here underline the importance of proper topological design in
the development of AM porous biodegradable metals.

� 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2019.07.013&domain=pdf
https://doi.org/10.1016/j.actbio.2019.07.013
mailto:y.li-7@tudelft.nl
https://doi.org/10.1016/j.actbio.2019.07.013
http://www.sciencedirect.com/science/journal/17427061
http://www.elsevier.com/locate/actabiomat


Y. Li et al. / Acta Biomaterialia 96 (2019) 646–661 647
1. Introduction

The emergence of additive manufacturing (AM) techniques has
provided unprecedented opportunities for the fabrication of por-
ous metallic bone substitutes with promising bone regeneration
capabilities [1–3]. The topological design of AM porous biomateri-
als can be precisely controlled and customized [4] with the aim of
mimicking the mechanical properties of bone [5], facilitating cell
proliferation and differentiation, and ultimately enhancing bone
tissue regeneration [6]. During the last few years, a large number
of AM porous metallic biomaterials have been investigated includ-
ing those made from titanium alloys [7–9], stainless steel [10],
cobalt-chromium alloys [11], and tantalum [12]. Most of these por-
ous biomaterials possess complex, yet highly ordered micro-
architectures that are made of regular unit cells designed through
polyhedral arrangements of multiple struts (i.e., beam-like struc-
tural elements). This leads to a homogeneous distribution of mate-
rial properties throughout the entire porous structure [13]. A
homogenous distribution of material properties is, however, not
consistent with what is found in human bone where highly graded
and non-uniform micro-architectures are present [14]. All types of
human bones (i.e., long, short, flat or irregular) show a gradual
change in porosity from a compact outer cortical shell towards
the spongy inner cancellous tissue. Other examples are the relative
porosity and direction of trabecular structures in long bones (e.g.,
femoral head and neck region or distal radius), which are both
highly graded and dependent on the local values of mechanical
stimuli (e.g., strain energy density) [15–19]. It is therefore impera-
tive that AM porous biomaterials mimic the natural gradual struc-
tures of human bones, particularly given the fact that they will be
eventually surrounded by pockets of bony tissue with gradual
micro-architecture [20] and biomechanical performance [21]. Fur-
thermore, meeting the incompatible and sometimes contradictory
design requirements of bone substitutes is often impossible with-
out allowing for graded designs. For example, recent studies have
clearly indicated that bone substitutes need to possess a high level
of porosity (and, thus, permeability) to facilitate nutrient perfusion
and cell viability [22]. However, highly porous scaffolds usually
exhibit inadequate mechanical strength and low cell seeding effi-
ciency [23]. Reconciling these contradictory design requirements
limits the application of uniform topologies and calls for graded
designs [24].

In addition to the above-mentioned advantages, functionally
graded porous structures exhibit higher strength, ductility, and
energy absorption capacity as compared to those of uniform por-
ous structures [21,24–26]. The deformation behavior of function-
ally graded porous structures has been found to be smooth and
continuous (during compression) without the formation of diago-
nal shear bands [21,27]. Finally, AM graded porous scaffolds have
been found to result in high cell seeding efficiency [22,23,28] and
to accelerate bone defect regeneration [29,30].

Although graded designs of AM porous biomaterials made from
non-biodegradable metals such as titanium or cobalt-chrome
alloys can improve the short-term performance of bone substi-
tutes, they may hinder full regeneration of bony defects, given that
part of the mechanical load will be permanently carried by the
implant. Moreover, foreign objects, such as metallic implants,
may elicit constant physical irritation and chronic local inflamma-
tion [31], which may necessitate revision surgery. Finally, non-
biodegradable implants inflict the perpetual risk of incurring usu-
ally recurrent and difficult-to-treat implant-associated infections
upon patients [32].

AM porous biomaterials made from biodegradable metals could
solve the above-mentioned problems. However, only a few reports
of direct printing of topologically ordered porous biodegradable
metals are available. The first papers on this topic have appeared
very recently [33–38], with direct metal printing (i.e., selective
laser melting) being used for the fabrication of AM porous magne-
sium alloys, iron, iron-based alloys and zinc. AM of functionally
graded, biodegradable metals has, however, not yet been reported.

Here, for the first time, we report the direct printing of a func-
tionally graded biodegradable porous metal (i.e., pure iron) using
selective laser melting (SLM). Among biodegradable metals, inex-
pensive pure iron is a promising material and as it does not release
hydrogen during biodegradation [39]. While a number of animal
studies have shown good biocompatibility of iron-based biomate-
rials [40,41], their low in vivo degradation rate [41] is a clear disad-
vantage. However, AM porous metallic biomaterials generally have
much larger surface areas as compared to their solid counterparts
[42], which would be an important advantage for the materials
that otherwise degrade too slowly, such as iron and its alloys.
Moreover, as the biodegradation behavior of AM porous iron is
topology-dependent, the presence of a functional gradient opens
up new opportunities for adjusting the biodegradation behavior
of porous iron. We, therefore, designed and additively manufac-
tured four groups of AM porous iron specimens, namely two types
of functionally graded porous specimens and two uniform (i.e., ref-
erence) porous specimens. We then performed a comprehensive
study on the mechanical behavior, permeability, biodegradation
behavior, and cytocompatibility of these four groups using compu-
tational and experimental approaches.
2. Material and methods

2.1. Scaffold manufacturing and post processing

Four different types of specimens (Fig. 1a, b) based on a 1.4 mm
diamond unit cell were designed using the software Element
(nTopology, USA). The experimental groups included a uniform
structure with a 0.2 mm strut thickness (S0.2), a functionally
graded porous structure with a strut thickness changing from
0.2 mm on the periphery to 0.4 mm in the center (Dense-in), a
functionally graded porous structure with strut thickness starting
from 0.4 mm on the periphery and decreasing to 0.2 mm in the
center (Dense-out), and a uniform porous structure with a strut
thickness of 0.4 mm (S0.4) (Fig. 1a). Specimens were produced
with a ProX DMP 320 machine (3D Systems, Belgium). The iron
powder employed was gas atomized in nitrogen (Material Technol-
ogy Innovations Co., Ltd., China) and had the following characteris-
tics: purity: 99.88%; particle sizes: D10 = 32 mm, D50 = 48 mm, and
D90 = 71 mm; morphology: spherical; apparent density: 4.09 g/
cm3; tap density: 4.88 g/cm3; angle of repose: 157�; carbon con-
tent: 0.0044%. The specimens were built employing a layer thick-
ness of 30 lm on a steel baseplate. Contour and hatch vectors
were used as the scanning strategy (energy densities: 0.33 W/
mm and 0.65 W/mm, respectively) for most of the specimen,
except for the specimens with 0.2 mm thick struts, in which case
only contour was needed. Specimen removal was performed by
means of electrical discharge machining (EDM). Powder particles
entrapped in pores were removed through ultrasonic cleaning in
96% ethanol for 20 min. Then, the specimen were chemically
cleaned in 50% HCl for 1 min to remove residuals from EDM and
loose powder particles, followed by 5 min ultrasonic cleaning in
96% ethanol to wash the residual HCl out.
2.2. Morphological characterization

The iron scaffolds were imaged using micro-computed tomog-
raphy (micro-CT) (Quantum FX, Perkin Elmer, USA) at a tube cur-
rent of 180 mA, a tube voltage of 90 kV, a scan time of 3 min, and
a resolution of (30 mm)3 with a total of 3600 projections. Micro-



Fig. 1. The four different topological designs of the specimens from the S0.2, Dense-in, Dense-out, and S0.4 groups: (a) strut size distribution, (b) top view and longitudinal
cross-section of the CAD models, and (c) the micro-CT reconstructions of the AM porous iron specimens.
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CT images were automatically reconstructed and converted into a
series of 2D images using Analyze 11.0 (Perkin Elmer, USA). The
images were subsequently exported to FIJI (NIH, Bethesda, MD,
USA) and locally thresholded using the Bernsen algorithm
(radius = 20). This allowed for accurate segmentation of the scaf-
folds and capturing their morphological features. Afterwards, a
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number of circular regions of interest (ROIs) with a diameter of
10 mm were created on the cross-section of the scaffolds. The
porosity (defined as the ratio of the void volume to the scaffold vol-
ume), average strut thickness (Tb.Th), and average strut spacing
(Tb.Sp) (i.e., pore size), were then calculated using BoneJ (a plugin
of FIJI).

In addition, a weighing method was used to determine the
porosity of the specimens of the four groups based on the following
equation: Porosity = 1�(Wiron/Vbulk)/qiron, where Wiron is the weight
of the specimen, Vbulk the bulk volume of the scaffold, and qiron the
theoretical density of pure iron.

2.3. Microstructural characterization

The microstructures of both thin and thick struts of the as-built
specimens were examined using a digital optical microscope (Key-
ence VHX5000) after etching by a 5% Nital reagent (5 ml HNO3 per
100 ml C2H5OH). The average grain size was measured using the
line intercept method (based on three randomly chosen lines).

2.4. Permeability measurements

The falling head method was used, where a standpipe provided
the water head and a pressure gauge measured the water pressure
at the bottom of the standpipe. We used a vacuum pump to fill the
standpipe with water, a chamber to host the scaffold, and a reser-
voir for water collection (Fig. 2a). The water pressure was mea-
sured just above the porous biomaterial and registered every two
seconds in LabView (v.11.0). The measured pressure corresponded
to the momentary height of the water column. Three specimens
from each of the four experimental groups were used for perme-
ability measurements. The permeability, k, was calculated using
the following equation [43]:

k ¼ a
A
L
t
In

H1

H2

l
qg

¼ B
A
=t

where a and A are, respectively, the cross-sectional areas of the
standpipe and the specimen, L is the height of the specimen, H1

and H2 are the water levels at time points t0 and ti, respectively, t
Fig. 2. Setups used for permeability measuremen
equals to ti – t0, and m and qare the dynamic viscosity and density
of water, respectively. B/A was plotted against time and extrapo-
lated using a power function until the velocity of water approached
zero. Then, the slope of this graph was used to calculate the perme-
ability coefficient. As Darcy’s law is only applicable when the Rey-
nold’s number is below 10, the slope was only taken in the region
where the Reynolds number was between 1 and 10.

Computer simulations were performed on AM porous iron mod-
els using the computational fluid dynamics (CFD) solver of Abaqus
(Dassault System Simulia Corp, France). Steady-state Navier-Stokes
equations were used to describe the flow problem. A velocity of
0.0125 m/s was applied to the inlet to ensure that fluid flow
remained laminar throughout the scaffold, and an outlet pressure
of 0 Pa was defined. A no-slip wall condition was set for the mate-
rial/fluid interface areas. Water (density = 1000 kg/m3 and viscos-
ity = 0.001 Pa�s) was considered to be the working fluid. The
average pressure at the inlet region was extracted to be used in
Darcy’s equation to determine the permeability coefficient.

2.5. Dynamic biodegradation tests

Dynamic in vitro biodegradation tests were conducted for up to
28 days in a custom-built bioreactor (Fig. 2b) using pre-
equilibrated (5% CO2, 20% O2, 37 �C) revised simulated body fluid
(r-SBF) [44] at a flow rate of 0.3 ml/min to mimic moderate phys-
iological fluid movement in bone [45–47]. Upon removing speci-
mens from the r-SBF solution, weight loss was determined after
ultrasonic cleaning with 99% acetone and 96% ethanol, for 30 min
each, and air-drying at room temperature (dry weight with an
accuracy of 0.1 mg). Medium pH values (accuracy: ± 0.002) were
registered after 28 days in vitro (InLab Expert Pro-ISM, METTLER
TOLEDO). Concentrations of Fe, Ca, and P ions in the solution were
analyzed using an inductively coupled plasma optical emission
spectroscope (ICP-OES, iCAP 6500 Duo, Thermo Scientific).

2.6. Characterization of biodegradation products

Phase identification of the biodegradation products was per-
formed using an X-ray diffractometer (XRD, Bruker D8 Advance
ts (a) and dynamic biodegradation tests (b).
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diffractometer in Bragg-Brentano geometry). The diffractometer
was equipped with a graphite monochromator and a Vantec
position-sensitive detector and operated at 45 kV and 35 mA with
a step size of 0.035� and a dwell time of 10 s per step using Co Ka
radiation. The morphologies and compositions of the biodegrada-
tion products on the surface of the specimens after the biodegrada-
tion tests were analyzed with a scanning electron microscope
equipped with an energy-dispersive X-ray spectroscope (EDS)
(SEM, JSM-IT100, JEOL). In addition to observing the biodegrada-
tion products, the specimens were ultrasonically cleaned in etha-
nol and cut to observe the morphologies of the struts both at the
periphery and in the center.

2.7. Mechanical characterization

Compression tests at a crosshead speed of 2 mm/min were car-
ried out using an Instron mechanical testing machine equipped
with a 10 kN load cell. The mechanical properties of the AM porous
iron specimens before and after the biodegradation tests were
determined according to ISO 13314:2011 and the quasi-elastic gra-
dient (hereafter referred to as the elastic modulus) and yield
strength were obtained. The elastic moduli of the porous structures
were determined as the slope of the initial linear part of the stress-
strain curve using linear fitting in the software Origin (OriginLab
Corporation, USA). The initial linear part of the stress-strain curve
was offset by 0.2% and its intersection with the stress-strain curve
was taken to calculate the yield strength. The tests were performed
in triplicate per specimen design and the mean values of the elastic
modulus and yield strength were calculated as well as their stan-
dard deviations.

Simulations with the finite element method (FEM) were con-
ducted using the commercial software package Abaqus (Dassault
System Simulia Corp, France) to study the stress distributions in
the specimens. Quarter-symmetric discretized models were built
using a tetrahedron element (C3D10). The symmetry boundary
conditions were defined on the longitudinal sections of the
quarter-symmetric model. The top surface of the model was com-
pressed to a displacement of 0.4 mm. The contours of the von
Mises stress of the models were extracted to study the stress
concentrations.

2.8. Cytocompatibility

The human osteoblast-like cell line MG-63 (ATCC, CRL-1427)
was used for cytocompatibility analysis. Cells were cultured in Dul-
becco’s modified Eagle’s medium with low glucose (100 mg/L,
DMEM LG) (Sigma) with 10% fetal calf serum (PAN Biotech)
(DMEM LG + ) at 37 �C, 20% O2, 5% CO2 and 95% humidity (physio-
logical conditions). Cells were passaged at 80% confluency. After
cleaning, all the scaffolds were sterilized for 30 min by immersion
in 100% isopropanol (Merck; Darmstadt, Germany). All specimens
were extracted at 37 �C for up to 72 h (EN ISO 10993-12 mod.)
and extracts (10 � ) were compared to extracts (1 � ) from Ti6Al4V
control scaffolds [34]. For cytotoxicity testing, extracts were sterile
filtered (0.2 mm) and the MTS assay was described in detail in our
earlier publication [34], using Dimethyl sulfoxide (DMSO) (20%) as
Table 1
Topological characteristics of AM iron scaffolds.

AM iron scaffold Strut size(mm) Pore size (mm)

Design mCT Design

S0.2 200 257 ± 3 800
Dense-in 200–400 387 ± 1 800–600
Dense-out 400–200 386 ± 5 600–800
S0.4 400 461 ± 4 600
positive control [48]. Two million MG-63 cells in 600 mL DMEM LG
were seeded per specimen. After 15 min, 10 ml of fresh DMEM LG+
was added and specimens incubated under physiological condi-
tions for another 4 h. Cell-seeded scaffolds were then cut along
their sagittal axis to access their central region and fluorescent
staining was performed as described previously by us [34]. For
SEM analysis, cell-seeded scaffolds were rinsed with 1 � phos-
phate buffered saline and fixed for 1 h in 3% glutaraldehyde (Agar
Scientific, Wetzlar, Germany) in 0.1 M Soerensen’s phosphate buf-
fer (Merck, Darmstadt, Germany) at room temperature. Fixed scaf-
folds were dehydrated in 30, 50, 70, 90 and 100% ethanol, for
10 min each (last step twice). Samples were then air-dried at room
temperature and the sagittal cut surface of the central region
sputter-coated (Sputter Coater EM SCD500, Leica, Wetzlar, Ger-
many) with 12.5 nm of gold-palladium and imaging at 10 kV in
SEM (ESEM XL 30 FEG, FEI, Eindhoven, The Netherlands).

2.9. Statistical analysis

The optical density data (i.e., MTS assay data) were normalized
with respect to their corresponding controls. The obtained values
of the relative cytotoxicity were then analyzed using a two-way
ANOVA test (a = 0.05) followed by a post-hoc test (i.e., Tukey’s mul-
tiple comparisons test, a = 0.05). Statistical significance is indicated
as p < 0.0001, ****; p < 0.001, ***; p < 0.01, **; p < 0.05, *; n.s. = not
significant.
3. Results

3.1. Morphological characteristics

The porosity values measured by using micro-CT and weighing
were similar to each other (Table 1). All the specimens had 6–9% less
porosity than their nominal (i.e., designed) values. As compared to
the design values, the strut sizes were about �50 mm larger and
the pore sizes were �50 mm smaller (Table 1). Reconstructed 3D
models from micro-CT images confirmed that the strut thickness
was radially graded for the specimens of the Dense-in and Dense-
out groups,while the strut thickness remaineduniform for the spec-
imens of the S0.2 and S0.4 groups (Fig. 1c). The graded struts can be
clearly observed in SEM image (Fig. S1).

3.2. Microstructure of the scaffolds

The AM iron had fine grains with an average size of 12 ± 0.3 mm
(Fig. 3a) for the 0.4 m struts and 10.8 ± 1.4 mm for the 0.2 mm
struts (Fig. 3b).

3.3. Permeability and velocity distribution

The order from the highest permeability of the AM iron speci-
mens to the lowest was as follows: S0.2, S0.4, Dense-in, and
Dense-out (Fig. 4a). Although the permeability values predicted
by the CFD simulations were generally higher than the experimen-
tal results, they were well correlated to each other (R2 = 0.84)
Porosity (%)

mCT Design mCT Weight

755 ± 2 90.9 84.8 ± 0.1 84.6 ± 0.4
609 ± 11 79.5 70.6 ± 0.4 69.7 ± 0.2
635 ± 1 79.5 71.0 ± 0.2 70.3 ± 0.5
506 ± 11 67.0 58.4 ± 2.0 58.9 ± 0.3



Fig. 3. Microstructures of the AM iron scaffolds with struts having a diameter of 400 lm (a, c) and 200 lm (b, d).
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(Fig. 4b). The flow velocity distribution showed that the fluid veloc-
ity was homogeneous inside the specimens of the S0.2 and S0.4
groups (Fig. 4c). As for the functionally graded designs, the
Dense-in specimens exhibited higher velocities at the periphery
than at the center, while the opposite was true for the Dense-out
specimens. Flow velocities values higher than the input velocity
(i.e., 0.0125 m/s) were also observed in the specimens (Fig. 4c).
3.4. In vitro dynamic biodegradation behavior

After 28 days of dynamic immersion, the pH values of the r-SBF
solution increased marginally from 7.5 to around 7.6. There were
no large differences between the pH values observed for the spec-
imens of the different groups (Fig. 5a). The specimens of the S0.2
group exhibited a weight loss of 16.7 ± 3.3%, which was the highest
among all the experimental groups (Fig. 5b). The specimens of the
group S0.4 had the lowest values of weight loss (i.e., 5.1 ± 0.9%),
which was about one-third of the maximum value (Fig. 5b). The
weight loss of the specimens of the Dense-in and Dense-out groups
lay between the extreme values, with the Dense-out specimens
showing somewhat a higher value of weight loss (i.e., 10.3 ± 0.3%)
than the Dense-in specimens (i.e., 8.9 ± 0.4%) (Fig. 5b). After nor-
malizing the biodegradation rate by the surface area of the speci-
men, the ranking of the biodegradation rate was the same as that
based on weight reduction (Fig. 5c). The specimens of the S0.2
group had a higher Fe ion concentration in the r-SBF than those
of the S0.4 group, while the Dense-out specimens had a higher
Fe ion concentration than the Dense-in ones (Fig. 5d). After
28 days, the concentrations of Ca and P ions decreased from the
initial values of 100 mg/L and 31 mg/L, respectively, to around
50 mg/L and 10 mg/L, respectively (Fig. 5d).
3.5. Characterization of biodegradation products

Brownish biodegradation products accumulated on the surfaces
of all the specimens after 28 days of biodegradation (Fig. 5e). The
biodegradation products contained lepidocrocite [i.e., c-FeO(OH)]
and goethite [i.e., a-FeO(OH)] (Fig. 5f). However, the intensity
peaks of these biodegradation products in the XRD patterns were
relatively low. SEM analysis of external struts showed that, after
28 days of immersion, two types of biodegradation products were
formed on the surface: grey earth-cracking-like layers at the bot-
tom and pockets of white loose compounds on the top (Fig. 6).
EDS analysis indicated that the grey biodegradation products con-
tained C, O, and Fe, while the white biodegradation products con-
tained P, Ca (Fig. 6), and sometimes Na (Fig. 6b). Different
biodegradation behaviors were observed from the center to the
periphery of the specimens (Fig. 7). After disintegrated degradation
products on the struts were removed, the grain boundaries became
clearly visible. In the case of the specimens from the S0.2, S0.4, and
Dense-in groups, the grain structure turned out to be better defin-
able on the periphery of the specimens (Fig. 7a, c, and g) than in
their center (Fig. 7b, d, and h). Moreover, the center of all the spec-
imens contained some remnants of the biodegradation products
even after cleaning (Fig. 7b, d, f, h). We further assessed the volume
losses of the specimens in the center using micro-CT and found
that the Dense-out specimens had a larger weight reduction than
the S0.2 specimens, even though their geometry were exactly the
same in the center (Fig. 7i). The specimens of the S0.4 group
degraded faster than the Dense-in specimens, although they had
the same geometry in the center (Fig. 7i).
3.6. Mechanical properties

Under uniaxial compression, all the specimens exhibited
smooth stress-strain curves without sudden fluctuations after
yielding, both before (Fig. 8a) and after (Fig. 8b) biodegradation
tests. All the stress-strain curves followed similar patterns, starting
with a linear elastic region and continuing with a rapidly decreas-
ing slope until a plateau stage with almost no fluctuations was
reached (Fig. 8a, b). A densification phase ultimately resulted in a
rapid increase in stress (Fig. 8a, b). Among all the experimental



Fig. 4. Results from the permeability tests and CFD simulations of the AM porous iron scaffolds with the different topological designs: experimental results (a), permeability
values (b), and velocity distributions predicted by the CFD models (c).
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groups, the S0.4 group possessed the largest values of yield
strength (53.1 ± 0.9 MPa) and elastic modulus
(2815.9 ± 126.6 MPa), while the S0.2 group exhibited the lowest
values of yield strength (10.7 ± 0.4 MPa) and elastic modulus
(891.6 ± 89.7 MPa) (Fig. 8c, d). The mechanical properties of the
functionally graded groups fell between those of the S0.4 and



Fig. 5. Results from the dynamic biodegradation tests for 28 days: pH value (a), weight loss (b), biodegradation rate (c), ion concentration (d), the appearance of the
specimens (e), and XRD patterns (f).
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S0.2 groups (Fig. 8c, d). The Dense-in scaffolds had somewhat
higher values of yield strength (32.9 ± 1.6 MPa) and elastic modu-
lus (1767.3 ± 48.5 MPa) than the Dense-out specimens
(30.5 ± 0.3 MPa & 1754.4 ± 30.8 MPa) (Fig. 8c, d). Yield strengths
and elastic moduli of all the specimens decreased after 4 weeks
of biodegradation (Fig. 8c, d).

FEM simulations showed that von Mises stresses were uni-
formly distributed in the S0.2 and S0.4 specimens (Fig. 9), while
the Dense-in and Dense-out specimens had more stress concentra-
tions in their thicker struts. Moreover, at the same level of dis-
placement, the Dense-in and Dense-out specimens showed lower
values of the maximum von Mises stress than those observed for
the S0.2 and S0.4 specimens.
3.7. Cytocompatibility

To evaluate the potential of AM porous pure iron specimens for
biomedical applications, we performed biocompatibility testing
(Fig. 10). Relative cellular activity of human osteoblast-like MG-
63 cells in extracts from the different types of iron scaffolds (a-d)
was compared to that of control extracts from bio-inert Ti-6Al-
4 V. Cell viable in 24 h-extracts was > 75% for all iron specimens,
independent of their structural differences: 77.8% (S0.2), 79.2%
(Dense-in), 82.2% (Dense-out) and 86.5% (S0.4). Interestingly, while
the cell viability in extracts from other specimen types gradually
decreased in an extraction time-dependent manner, cell viability
in S0.4 extracts remained at almost 70% even after 48 h of



Fig. 6. Morphologies and chemical compositions of the biodegradation products formed on the AM porous iron specimens after 28 days: (a) S0.2 (b) Dense-in (c) Dense-out,
and (d) S0.4. Scale bar: 10 mm.
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extraction and did not significantly differ from Ti-6Al-4 V controls
(Fig. 10d). MG-63 viability in extended, long-term extracts (72 h)
of iron specimens dropped to below 50%, while Ti-6Al-4 V extracts
did not reveal significant cytotoxicity.

Direct cytocompatibility assessment revealed fluorescently
labeled adhered cells at the periphery as well as in the center of
the scaffolds. However, when comparing specimens of the different
groups no design-specific cell distribution pattern could be identi-
fied (Fig. 10e). Gradients in strut thickness (i.e., dense-in vs. dense-
out) did not obviously influence regional cell seeding density. SEM
images of MG-63 cells, 24 h after seeding, revealed a well-spread
polygonal cell morphology with cytoplasmic projections attached
to the surfaces of the iron scaffolds (Fig. 10f, box).
4. Discussion

AM porous metallic biomaterials should meet multiple contra-
dictory design criteria that are often difficult to reconcile without
sacrificing one or the other to some extent. Here, we report for
the first time how functional gradients can be used to meet these
design requirements through directly printing a biodegradable
porous iron biomaterial. The biodegradation of iron in vivo is gen-
erally slow, meaning that we should try to exploit topological
design to increase the biodegradation rate of AM porous iron while
ensuring sufficient mechanical support and proper nutrient trans-
port. Our results clearly show that with the aid of topological
design ideas in general and functional gradients in particular, the
biodegradation rate and mass transport properties (i.e., permeabil-
ity) of AM porous iron can be increased while maintaining the
bone-mimicking mechanical properties of these biomaterials.
4.1. Morphology and microstructure

All the topological designs of porous iron could be directly
printed with the morphological parameters that were close to
the design values. Due to thickened struts, the actual porosities
were slightly lower than the design values for all the groups. As
a strut thickness of 200 mm is quite thin, the actual strut diameter
was nearly 60 mm larger than the design value, even when the con-
tour scanning strategy was used. On the other hand, under the
printing conditions used, the reproducibility of the scaffolds was
high (with a standard deviation of 5% or lower).

As to the microstructure, micro melt pools formed during SLM
[49], leading to high cooling rates (103-108 K/s) [50], which
resulted in a non-equilibrium solidification process and refined
grains (i.e., 10–12 mm, in this study). As no large differences
between the grain sizes of thick and thin struts were found, the dif-
ferent biodegradation behaviors of the different experimental
groups were unlikely caused by their microstructures, but rather
by their porous architectural features. Moreover, unlike previously
reported AM solid iron [51,52], our AM porous iron specimens did
not exhibit obvious elongated grains along the build direction,
which can also be seen by Electron Back-Scattered Diffraction
(EBSD) analysis in our former paper [38]. This suggests that the
effects of any directional solidification processes were not as
strong as in the case of solid counterparts, particularly given that
the struts of our scaffolds were built in a tilted orientation. The rea-
son for this could be that there was limited overlap between the
melt pools of different layers during the SLM process when the
strut was tilted (Fig. S2).
4.2. Permeability

As expected, permeability was highly dependent on the poros-
ity of the specimen and influenced by porosity distribution on
the transverse section. According to the Kozeny-Carman equation,
the relationship between the permeability, k, porosity, u, and the
specific surface area, SV, (i.e., surface to volume ratio) of a porous
structure is given by: k ¼ CKu3=S2V , where CK is an empirical con-
stant [53]. A higher porosity, therefore, results in a much higher



Fig. 7. Morphologies of the biodegraded AM porous iron specimens after cleaning on the periphery (left) and in the center (right): S0.2 (a, b), Dense-in group (c, d), Dense-out
group (e, f), S0.4 group (g, h), and the weight losses of the specimens of the different groups in the center (i) after immersion for 28 days. Scale bar: 10 mm.
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permeability value. Interestingly, although the functionally graded
Dense-in and Dense-out specimens had similar overall porosities,
the Dense-out specimens showed higher permeability values than
those of the Dense-in group. This may be due to the different CK
values for these two structures, as CK is strongly dependent on pore
geometry [54]. It may thus be concluded that, in addition to poros-
ity, permeability can be also adjusted through topological design
and the spatial distribution of repeating unit cells.

CFD simulations could help us to reveal the flow behavior of the
scaffolds. Although the permeability values calculated from the
simulations were higher than the experimental values, they were
well correlated to each other (Fig. 4b). The discrepancies between
the measured and predicted values could be attributed to the fol-
lowing factors. First, the CAD models had lower porosity and sur-
face roughness than the actual values of the AM iron specimens.
These differences might have caused an overestimation of the per-
meability. Furthermore, as can be seen from the velocity distribu-
tion (Fig. 4c), even though we chose a slow inlet velocity, the actual
velocity inside the scaffolds could be higher, which means that tur-
bulent flow might occur. This phenomenon has also been observed
by other researchers and appears to be caused by obstacles on the
fluid path [55]. Turbulent flow might decrease the permeability of
the scaffolds during the tests. It was also interesting to observe
how the geometry could guide the flow behavior in the function-
ally graded scaffolds. For the Dense-in and Dense-out specimens,
the higher porosity region always had a higher flow velocity
(Fig. 4c). A higher flow velocity can facilitate nutrient and oxygen
transport to the cells residing inside the center of a scaffold [56].

4.3. Biodegradation behavior

The weight losses of the specimens were strongly dependent on
their topological designs. Optimizing the topological design of the
porous structure could, therefore, be an effective means to adjust
the biodegradation behavior of AM porous iron. In general, the
higher the porosity, the faster the weight loss. Furthermore, as
the specimens from the different groups had different surface
areas, we normalized the biodegradation rate to the surface area.
The ranking of the different experimental groups in terms of
biodegradation rate remained the same with or without normal-
ization. As the biodegradation rate is directly related to the fluid
flow inside the porous structure, topological design may influence
the biodegradation behavior of AM iron scaffolds also through its
effects on fluid velocity and permeability (subsection 4.2).

Visual inspection revealed that under dynamic biodegradation,
brownish corrosion products formed both at the periphery and in



Fig. 8. Mechanical properties of the AM porous iron specimens before and after biodegradation for 28 days: (a) stress-strain curves before biodegradation, (b) stress-strain
curves after biodegradation, (c) yield strengths, and (d) elastic moduli.
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the center of the specimens (Fig. 5). EDS analysis indicated that the
corrosion layer of the external struts contained Ca and P elements
(Fig. 6) after 28 days of immersion. Combined with ICP results
(Fig. 5d), these observations suggested that the Ca and P elements
on the corrosion layer originated from the r-SBF medium. To better
understand the different biodegradation mechanisms, we
inspected the surface morphologies of degraded struts after ultra-
sonic cleaning (Fig. 7). Biodegradation occurred both at the periph-
ery and in the center of the specimens and grain boundaries
became clearly visible on the surfaces of the struts (Fig. 7). This
was different from our previous study on ‘uniform’ AM porous iron,
where struts in the center of the specimens remained almost intact
after 28 days of immersion [34]. It could be explained by dynamic
flow. In order to find out how topological design could be used to
adjust the biodegradation behavior of the AM iron scaffolds, the
central regions of the AM iron specimens were inspected by
micro-CT. Although the specimens of the S0.2 and Dense-out
groups had exactly the same geometry in the center (Fig. 1), the
weight loss of the Dense-out specimens in the center was higher
than that of the S0.2 specimens. This is counter-intuitive, given
that the S0.2 specimens had higher permeability values than the
specimens of the Dense-out group (Fig. 7i). However, the velocity
distribution predicted by CFD simulations (Fig. 4c) suggests that
the Dense-out scaffolds had higher flow velocities in the center
than on the periphery. As the inlet flow velocity was constant in
our dynamic biodegradation tests, there was a higher medium vol-
ume flow in the center of the Dense-out specimens. Similar results
were observed for the S0.4 and Dense-in specimens. The Dense-out
specimens degraded more slowly than the S0.4 specimens in the
center, although the Dense-out specimens had generally higher
permeability values than the S0.4 group. Once again, velocity dis-
tribution of the Dense-in specimens showed that the fluid velocity
was higher at the periphery than in the center, leading to less med-
ium volume flowing through the center of these specimens.

After 28 days of dynamic immersion, all the specimens lost
more weight (i.e., 5–16%) than the ‘uniform’ AM iron scaffolds
under static immersion conditions (i.e., 3%) used in our earlier
study [34]. It is well known that the in vitro test environment
can affect the biodegradation rate of biodegradable metals. Others
reported higher biodegradation rates of iron in dynamic immersion
tests [57] as well. Furthermore, maintaining the CO2 content at 5%
means that the pH of the medium remains constant around 7.6.
This would increase the biodegradation rate as well. The human
body is a buffered system with a pH range of 7.38–7.42 [58]. More-
over, a flow rate of 0.012–1.67 ml/min [59] continuously occurs
inside the (intra) medullary cavities that are home to the bone
marrow and the progenitor cells of osteoblasts and osteoclasts.
The dynamic biodegradation setup used in this research can, there-
fore, better mimic the in vivo conditions.

The biodegradation rates of the AM porous iron scaffolds
observed here are higher than those reported for the pure iron fab-
ricated using conventional manufacturing techniques (i.e., 0.04–
0.06 mg/cm�2/day�1) [48,57], similar to those of cross-rolled pure
iron (i.e., 0.24–0.29 mg/cm�2/day�1 [60]), and lower than those of
electroformed pure iron (i.e., 1.39 mg/cm�2/day�1 [61,62]). This is
consistent with the order of the grain sizes obtained from using
these different fabrication techniques. Conventionally manufac-
tured iron has grain sizes in a range of 180–400 mm [48,57], while
the grain sizes of cross-rolled and electroformed iron are 16–19 mm
[60] and 4 mm [61,62], respectively. The AM porous iron specimens
printed here had an average grain size of 10–12 mm, which is close
to that of cross-rolled iron. Indeed, the specific solidification pro-
cess experienced during AM creates smaller grains, which in turn
increases the grain boundary area with defects in the crystal



Fig. 9. Distributions of the von Mises stress in the AM porous iron specimens at 0.4 mm displacement under compression predicted by FE modeling.
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structure and high internal energy [63]. Larger areas of grain
boundary are expected to cause higher chemical activity in a corro-
sive medium [64,65]. This clearly shows the advantage of the
refined microstructure resulting from the SLM process in increas-
ing the biodegradation rate of slowly degrading metals such as
iron. Of course, other microstructural features such as texture
and dislocation density may also affect the corrosion rate [60].

The actual weight reduction could be even higher than those
measured here, because usual sample cleaning methods and
weight loss measurements for solid samples cannot easily be
applied to a porous specimen. For solid specimens, it is feasible
to remove all the corrosion products with minimum attack to the
sample itself. In the case of highly porous scaffolds, however, it is
difficult to remove all the corrosion products, especially those in
the center of the specimens (Fig. 7b, d, f, h). Others have used acids
or alkalis to remove corrosion products [66–69], but this may
result in further erosion of the struts, particularly at the periphery.
ICP-OES analysis showed even less iron release into the r-SBF med-
ium as compared to the expectation from the weight loss measure-
ments. This might be because iron ions participated in the
formation of corrosion products (EDS results, Fig. 6).

Although AM porous irons showed a sufficient rate of biodegra-
dation in this study that should result in full biodegradation of the
specimens within 1–2 years [68], the in vivo tests of AM porous
iron should be performed in the future. In the case of bulk iron, a
number of animal studies have shown that the in vivo degradation
rates may be significantly lower than those measured in vitro
[38,39,69]. It is, therefore, of great interest to determine the
biodegradation rate of AM porous iron in vivo to better determine
the potential of these biomaterials for future clinical application.

4.4. Mechanical behavior

The mechanical properties of all the AM porous iron specimens
remained within the range of values reported for trabecular bone
(i.e., E = 0.5–20 GPa [70], ry = 0.2–80 MPa [71]) even after 28 days
of biodegradation. Unlike other AM porous structures based on a
diamond unit cell that were made from other materials [11,72],
the AM porous iron specimens studied here showed smooth
stress-strain curves during uniaxial compression tests without
fluctuations after the maximum stress (Fig. 8a). In addition, no sud-
den failures occurred. This could be explained by the high ductility
of pure iron [34]. Similar behavior has been observed for other
highly ductile porous materials, such as AM porous structures
made of pure titanium and tantalum [12,73]. In the case of the
functionally graded designs, the shape of the struts gradually and
continuously changed so as to minimize the discontinuity of the
stress at the interface between dissimilar layers [24]. The stress-
strain curves remained smooth after the in vitro immersion tests
and showed similar patterns to those of the non-biodegraded spec-
imens (Fig. 8b). Among the different designs, the yield strengths
and elastic moduli of the AM iron specimens were strongly affected
by porosity: a higher porosity resulted in lower values of yield
strength and elastic modulus. The mechanical properties of func-
tionally graded structures could be predicted, based on the
weighted average of the mechanical properties of each constituent



Fig. 10. Cell distribution and cytocompatibility. Relative cytocompatibility (%) of different groups of iron specimens was assessed against titanium controls: S0.2 group (a),
Dense-in group (b), Dense-out group (c), and S0.4 group (d). Fluorescently stained MG-63 cells on different AM porous iron specimens (e), and SEM analysis (f), respectively.
Scale bar: 1 mm (e) and 100 mm (f). Experiments were performed with extracts of randomly chosen replicate iron specimens (yellow squares, n = 5) and compared to AM Ti-
6Al-4V scaffolds (blue circles, Ti64; n = 3) of the same design (n = 3) as positive controls and to dimethylsulfoxide (DMSO, red triangles) as negative controls. n.s., not
significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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using the Voight model [21]. Based on this model, the elastic mod-
ulus and strength of the functionally graded scaffolds are given by:
Pg ¼

Pn
i¼1f iPi, where Pg represents the elastic modulus or strength

of the functionally graded structure and fi is the volume fraction of
Pi. However, we find that such a weighted average cannot fully pre-
dict the mechanical properties of the functionally graded speci-
mens designed in this study. For example, even though the
Dense-in and Dense-out groups had similar porosities, both the
yield strength and elastic modulus of the Dense-in specimens were
slightly higher than those of the Dense-out group. The results from
FE modeling of the specimens under compression could explain
this trend. Given that stress was more concentrated in thicker
struts, they carried more loads than thinner ones. Although both
functionally graded groups had similar porosities (i.e., the same
volume of thick struts), the thickest struts were located at the
periphery of the Dense-out group specimens, meaning that the
thickest struts were generally open (i.e., dangling) and did not con-
tribute to the load-bearing capacity of the specimens.
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Functionally graded structures have been reported to exhibit
better failure performance than their uniform counterparts. For
example, an axisymmetric deformation mechanism and long pla-
teau stage have been observed for functionally graded specimens
during compression tests, instead of abrupt failure accompanied
by shear band formation [21,24–26]. As thicker struts are the pri-
mary load-bearing elements of functionally graded structures,
deformation occurs primarily in these struts, resulting in
trumpet-like specimens after compression [21]. Functional gradi-
ents have been also found to increase the fatigue resistance of
AM porous structure [25], as the cracks initiate layer by layer,
instead of randomly initiating everywhere in the scaffolds at the
same time. However, the results available for functionally graded
AM porous metallic biomaterials in the literature usually refer to
Ti-6Al-4 V, which is a brittle alloy if no post-AM treatment is per-
formed. As we used pure iron here, functional gradients did not
alter the failure mode of the AM iron scaffolds, as the uniform
designs exhibited smooth stress-strain curves themselves.

The structure of the human bone is generally highly heteroge-
neous and anisotropic with different stiffness and strength values
in different directions [4]. At the same time, bone has sufficient
permeability to facilitate the transfer of cells and nutrients.
Bone-substituting porous implants should, therefore, combine a
tailor-made distribution of mechanical properties with certain
ranges of permeability, while taking biodegradation into account.
The designs that we used in this study attempted to achieve these
goals to the extent that was possible with linearly and radially
graded porous structures. Of course, to fully address the above-
mentioned design criteria regarding the mechanical, physical,
and biological properties, further research attempts are needed.
Topological optimization may be used to aid in achieving the
desired properties while satisfying certain prescribed constraints.
Indeed, Hollister [74,75] has advocated the adjustment of both
stiffness and diffusive transport properties using topology opti-
mization when designing scaffolds.

4.5. Cytocompatibility

To evaluate the biomedical application potential of our novel
AM porous pure iron specimens, we applied latest ISO 10,993 mod-
ifications to meet the special requirements for absorbable biomate-
rials [76,77]. To this end, we used an MTS assay, which is the
current state-of-the-art for extract-based in vitro evaluation of
cytotoxicity [78]. In addition, using a medium containing serum
allows to extract both polar and non-polar substances and sup-
ports cellular growth (ISO 10993-5, 2009) [78]. Of note, within
the physiological range of 37 �C, 24 h and 72 h are both specifically
acceptable extraction conditions according to ISO 10993 (2009),
with 72 h being the relatively harsher extraction regime [78].
Accordingly, in 24 h-extracts, cell activities in all iron extracts ran-
ged between 77.8% (S0.2, the lowest) and 86.5% (S0.4, the highest),
respectively, and can be classified as non-cytotoxic (i.e., cytotoxic-
ity grade 1; 75–99% viability) [79]. Upon 48 h-extraction, all condi-
tioned media revealed � 63% remaining cellular activity,
corresponding to being slightly cytotoxic (i.e., grade 2, 50–74%).
Of note, under these conditions, the S0.4 group was still not signif-
icantly more cytotoxic than the titanium control, while Ti-6Al-4 V
controls remained non-toxic (grade 1) throughout. Only upon
harsh 72 h-extractions, 75% of the samples have to be classified
as moderately cytotoxic (i.e., grade 3, < 49%). In line with our data,
cytotoxicity was earlier reported to be inversely proportional to
the iron ion concentration [66,80]. Iron is an essential transition
metal and nutritional requirement in cell culture, having both ben-
eficial and toxic properties. The loss of ferric iron due to precipita-
tion and its reduction to ferrous iron are equally undesirable
events in the extracellular milieu. Ferric iron is the stable oxidative
state of iron in aerobic conditions, and the normal oxidative state
used by cells. In a solution at physiologic pH, ferric iron that is
not bound by a chelator or carrier molecule will form ferric
hydroxide complexes that are virtually insoluble. While the chem-
istry is quite complex, ferric iron can be reduced to ferrous iron
which is free to participate in Fenton chemistry, to become a major
source of oxidative stress in media due to the creation of hydroxyl
free radical [81]. Pure iron showed good biocompatibility during
long term implantation as biodegradable stents or pins
[40,41,82,83], which is in agreement with our in vitro results using
the mild extraction regime. Unlike the in vitro situation where
released iron ions can accumulate locally to high concentrations
in a culture dish, released ions are usually rapidly diluted in vivo
and will ultimately be secreted from the body [84]. This difference
may point towards important limitations of the currently used sta-
tic methods to evaluate cytocompatibility as they may tend to
overestimate cytotoxic effects.

Fluorescent staining revealed relatively uniform cell seeding
throughout the iron scaffolds without apparent design-specific dif-
ferences (Fig. 10e). This is in agreement with a recent study where
human mesenchymal stromal cells were analyzed in 3D scaffolds
with gradient pore sizes [85] and a study using pre-osteoblasts
in gradient Ti-6Al-4 V scaffolds [27]. The latter authors concluded
that the degree of cell attachment was similar for various strut
thicknesses. However, we expected that relatively more cell would
adhere to thicker struts as compared to thinner ones, as these
struts provide larger surface area to cells (and thus interfacial
force). Logically, this might lead to more interactions with the
material surface before the cells slip through the pores [22,59].
Our analyses of cell distribution between Dense-In and Dense-
Out groups did not reveal obvious differences in support of this for-
mer notion. Of note, our iron specimens were spatially graded
instead of axially graded along the z-axis, as reported by others
[20,22,23]. Axially grading could result in ‘‘sieve effects” during cell
seeding and may account for differences between the studies. In
addition, fluorescent labeling in porous, but otherwise light-
dense, 3D structures has some limitations: subtle differences in
cell distribution were hard to quantify due to large quantities of
interfering iron biodegradation products. Such artefacts are absent
in titanium scaffolds, facilitating quantification when using inert
materials. Furthermore, the minimum and maximum pore sizes
of our gradient scaffolds were 0.6 mm and 0.8 mm, respectively.
This difference may not be large enough to affect cell seeding
and qualifying both types as scaffolds of higher porosity [13]. Alto-
gether, this may explain why we observed a rather uniform distri-
bution in our gradient and non-gradient scaffolds. However,
further decreasing the minimum pore size in smartly designed
functionally graded porous scaffolds might hold potential to con-
trol cell distribution.
5. Conclusions

We demonstrated for the first time how SLM could be used for
direct printing of functionally graded porous iron. The specimens
of all the groups (i.e., two functionally graded groups and two uni-
form groups) possessed precisely controlled topologies and fully
interconnected porous structures. The topological design not only
affected the permeability of the specimens of these groups but also
changed the fluid flow inside the specimens. Consequently, the
topological design controlled the biodegradation behavior of the
AM porous iron scaffolds. For example, different biodegradation
rates were found in the center of the AM porous iron specimens
with and without functional gradients, even though they had the
same local geometry. Taken together, our results suggest that topo-
logical design in general, and functional gradients in particular can
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be used as an important tool for adjusting the biodegradation
behavior of AM porous metallic biomaterials. This holds especially
for otherwise slowly degrading metals, such as iron, to reach val-
ues desired for bone substitutes. Over a period of 28 days of
dynamic immersion tests, the elastic modulus and yield strength
of the porous iron remained in the range of the values reported
for trabecular bone. Depending on the topological design of the
specimens, AM porous iron appears to be widely cytocompatible.
The observations reported here underline the importance of proper
topological design in the development of AM porous biodegradable
metals and suggest AM porous iron may be a highly attractive can-
didate for the development of future bone substitutes.
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