Biomaterials Advances xxx (xxxx) 214059

Contents lists available at ScienceDirect
Journal
Cover
Image

Biomaterials Advances

Imprint logo

journal homepage: www.elsevier.com

Achieving biom imetic porosity and strength of bone in magnesium
scaffolds through bind er jet additive manu facturing

Mo jtaba Salehi »+, Kai Xi ang Ku ah ”, Somasund aram Prasadh®, Yuehua Li ¢,
Su XiaZhang? Hang Li Seet? Raymond Chung Wen Wong ¢, MuilLing Sharon Nai® «

a Additive Manufacturing Division, Singapore Institute of Manufacturing Technology (SIMTech), Agency for Science, Technology and Research (A*STAR), 5 Cleantech Loop,
636732 Singapore, Singapore

b Department of Materials Science and Engineering, National University of Singapore, 9 Engineering Drive 1, 117575 Singapore, Singapore

¢ Faculty of Dentistry, National University of Singapore, 9 Lower Kent Ridge Road, 119085 Singapore, Singapore

ARTICLE INFO ABSTRACT

Keywords: Magnesium (M g) alloys are apromising candidate for synthetic bone tissue substitutes. In bone tissue
Ma gne sium engineering, achieving a balance between pore characteristics that facilitate biological functions and
Additive manufacturing the essential stiffness required for load-bearing functions is extremely challenging. This study em -
1]2::1612 J;t::lt%ure ploys binder jet additive manufacturing to fabricate an interconnected porous structure in Mg alloys
Bone that mimics the microporosity and mechanical properties of human cortical bone types. Using scan-

ning electron microscopy, micro-comp uted tomography, and mercury intrusion porosimetry, we
found that the bind er jet printed and sintered (BJPS) Mg —Zn —Zr alloys possess an interconne cted
porous structure, featuring an overall porosity of 13.3 %, a median pore size of 12.7 pm, and pore in-
terconnectivity exceeding 95 %. The BJPS Mg —Zn —Zr alloy demonstrated a tensile strength of
~130 MP a, a yield strength of ~100 MP a, an elastic mo dulus of ~21.5 GP a, and an ultimate compres-
sive strength of ~349 MP a. These values align with the ranges observed in human bone types and out-
perform those of porous Mg alloys produced usingthe other conventional and additive manufacturing
me thods. Moreover, the BJPS Mg —Zn —Zr alloy sh owed level O cytotoxicity with a greater MC 3T 3-E1
cell viability, attachment, and proliferation when compared to a cast Mg —Zn —Zr coun terpart, since
the highlyinterconnected 3D porous structure provides cells with an additional dimension for infiltra-
tion. Finally, we provide evidence for the concept of using binder jet additive manufacturing for fabri-
cating Mg implants tailored for applications in hard tissue engineering, including craniomaxillofacial
procedures, bone fixation, and substitutes for bone grafts. The results of this study provide a solid
foundation for future advancements in digital manufacturing of Mg alloys for biome dical applica-
tions.

1. Introduction human bone [2]. Mg is the fourth most prevalent mineral in the

human body. More than half of the total Mg content in our body

An idealsynthetic bone tissue substitute should have five sig-
nificant features: adequate mechanical properties, desired
bioactivity, suitable interconnected porosity, biocom patibility,
and degradability [1]. These are the goals of third-generation bio-
materials developed through the use of three metals [magne-
sium (M g), iron (Fe), and zinc (Zn)]. Am on g these me tals, Fe of-
fers the easiest manufacturability; Zn has the closest corrosion
rate to the ideal degradation value, and Mg provides the best bio-
compatibility and the mo st comparable me chanical properties to
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is stored in our bones. Additionally, the unique osteopromo tive
property of Mg during bone regeneration is well known [3-6].
These characteristics make Mg a key biodegradable me tal, espe-
cially for orthopedic applications [7,8]. As such, researchers
have long studied the technologies behind the use of Mg for bio-
medical applications, ranging from developing new alloys and
surface modification techniques to assessing in vitro and vivo
degradation behavior and clinical translation [9-13].
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The design and fabrication of bone scaffolds that clos ely repli-
cate the biomechanical characteristics of native bones remain
among the most critical challenges in regenerative orthopedic
medicine. Porous scaffolds are particularly favored due to their
customizable porosity and stiffness, which can be adjusted to
meet specific requirements. The interconnectivity of pores is
crucial for enhancing permeability and diffusion, thereby pro-
mo ting vascularization within the scaffold. However, increasing
porosity compromises mechanicalstrength, necessitating a deli-
cate balance between porosity and mechanical integrity in bone
scaffold design. Traditional manufacturing techniques, such as
casting and conventional powder me tallurgy, have been exten-
sively explored for fabricating porous Mg structures [14-18].
Wh ile these me thods have their merits, they also present signifi-
cant limitations. For example, the use of salts or space-holder
materials to create pores can introduce impurities, particularly
in highly reactive Mg alloys. Moreover, these conventional tech-
niques are generally limited to producing porous structures with
simple geometries, and they offer restricted control over pore
characteristics.

Additive manufacturing (AM) presents a promising alterna-
tive for fabricating geome trically com plex bone sc affolds with in-
tricate porous architectures, addressing many of the challenges
associated with tradition al me thods towards fabricating the ideal
synthetic bone substitute with all of the above criteria [1]. Ho w-
ever, the technology readiness level of AM for Mg alloys is still
relatively imma ture compared to other metallic systems such as
steel, titanium , aluminum, and nickel alloys. This is largely due
to the low boiling point and high reactivity of Mg. Wh ile laser
powder bed fusion dominates the AM of Mg alloys [19], bind er
jetting offers a less challenging approach by fabricating a green
part at near-ambient temperatures, followed by sintering at ele-
vated temperatures. Previous studies have developed a process
flow for bind er jetting of Mg powder, utilizin g capillary-me diated
assembly to create a green part [20—22], which is then sintered
in conventional or microwave furnaces [23-25].

In prior research on AM of Mg alloys for biome dical applica-
tions, lattice structures with dense struts, typically with diame-
ters >500 pm, have been fabricated using laser powder-bed fu-
sion and material extrusion techniques [26-29]. Wh ile bind er
jetting has successfully produced Mg scaffolds with intercon-
ne cted micron-sized porosity, these structures have often lacked
the mechanical integrity, particularly tensile strength, required
for practical applications due to the high sensitivity of tensile
strength to porosity percentage [21,23]. The present study ex-
plores the use of binder jet AM in fabricating a porous structure
in Mg alloys that mimics the microporosity and mechanical
properties of human cortical bone. We examined the mi-
crostructure of a binder jet printed and sintered (BJPS)
Mg —Zn —Zr alloy with scanning electron microscopy (SEM),
along with its pore characteristics assessed through micro-
comp uted tomo graphy (1CT ) and mercury intrusion porosime -
try. We also evaluated the mechanical performance of fabricated
scaffolds through tensile and compression testing. An in vitro
biological assess ment and me tallic ions release of BJPS scaffolds
and conventionally cast Mg was conducted, providing evidence
for the viability of using this AM technique to digitally manufac-
ture biodegradable Mg implants tailored for hard tissue engi-
neering applications, including craniomaxillofacial procedures,
bone fixation, and as substitutes for bone grafts.
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2. Materials and me thods
2.1. Fabrication of Mg samples

Mg powder with the measured chemical composition of Mg -
5.49 wt% Zn -0.17 wt% Zr, was sourced from International La bo-
ratory, US A. The powder was sieved to remo ve particles sm aller
than 32 pm. Fig. 1a shows the morphology of the sieved powder
having a relatively uniform particle size with a spherical shape.
The D10, D50, and D90 (percentile) of Mg —Zn —Zr powder
were determined to be 46.49 +0.03 pm, 62.59 +0.06 pm and
84.95 +0.10 pm, respectively (Fig. 1b). The elimination of fine
powder in the powder feedstock prevents sm aller particles from
filling the gaps between larger particles as the feedstock is spread
over the powder bed during bind er jetting. Furthermore, this re-
sults in a more consistent interparticle spacing between neigh-
boring particles (Fig. 1c). The powder density was determined
using a gas pycnometer and found to be
1.8252 +0.00 08 g-cm 3.

The formu lation of bind ers or solvents (ink materials) is cru-
cial for the success of binder-jet printing, as the ink influences
both the printing parameters and the subsequent post-printing
processes. An effective ink mu st exhibit several key characteris-
tics in addition to the correct formulation, includingappropriate
rheological properties for consistent jettability by the printhead
and suitable wettability to ensure proper interaction with the
powder bed. For example, commercial binder jetting systems
typically employ furan, phenolic, silicate, and aqueous-based
bind er materials. A more detailed discussion of bind er material
classifications and the stages of binder development can be
found in [30]. In this study, we used a single-phase ink, free of
binder or solute, formulated sp ecifically for Mg alloys. This ink
was designed to interact with the MgO film on the surface of Mg
powder, facilitating the formation of solid interparticle bridges
[21].

The fabrication of Mg samples through binder jetting and sin-
tering follows those of previous studies [20-25]. In brief, the
powder was fed into a custom binder jet 3D printer. The print
head deposited a sp ecially formu lated ink onto 100 pm -thick lay-
ers of powder. Subsequently, the as-printed objects were re-
trieved from the powder bed by gently dusting away the unbound
powder. A rectangular crucible with a tight lid was used for sin-
tering of as-printed samples. Sintering took place in a tube fur-
nace with the temperature set at 615 °C under an argon atmos-
phere. A separate set of bulk Mg —Zn —Zr samples with the
same composition was obtained by gravity casting to serve as a
reference for comparison with BJPS samples. Mg —7Zn —Zr in-
gots were heated to 750 °C before pouring the molten metalinto
rectangular molds.

2.2. Characterization of the as printed and sintered Mg samples

The density of the sintered Mg samples was determined using
the Archimedes method, as per ASTM B962 standards. To en-
sure reproducibility, the measurement results were collected
from five different specimens. Mercury intrusion porosimeter
(Microm eritics, AutoPore IV 9500 Series) was utilized to char-
acterize the pore size distribution of the BJPS samples. Mercury
was introduced into the sp ecimens at varying pressure from 0.55
to 6878 psia. The pore characteristics of BJPS samples were fur-
ther analyzed by X-ray computed tomography (Phoenix
v|tome |[x m). The tomo grams had a voxel size of 1 pm and were
obtained using a nanofocus tube.

For microstructural examinations, BJPS samples were cut,
following by systematic surface grinding, and polishing to
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Fi g. 1. Characterization of the Mg —Zn —Zr powder used for fabrication of Mg samples. a) Mo rphology of the Mg powder by SE M, b) particle size of
the Mg powder obtained by laser diffraction sizing, and c) a schematic illustration of Mg powder stack-up in bind er-jet printed samples.

achieve a surface finish of 0.05 pym while using a non-aqueous
based lubricant (DP-Lubricant Yellow, Struers). The cross-
sections of samples were characterized using optical microscope
(L eica DM 4000 M) and FE -SE M (Zeiss EV O-50).

The tensile (ASTM E8 /E8 M-22) and compression (ASTM
E9-09) testing of the samples were conducted using a universal
testing machine (Instron 5982). For tensile testing, four cylin-
drical specimens with gauge length of 24 mm and diameter
6 mm were prepared via machining from BJPS cylindrical rods.
For compression tests, five cylindrical samples of length 12 mm
and diameter 8 mm were prepared via machining.

2.3. Assessment of metallic ion release

To evaluate the release of ions from the alloys, samples were
submerged in phosphate-buffered saline (PBS) for 1, 3, and
5 days under cell culture conditions of 37 °C and 5 % CO ,, with a
surface area-to-volume ratio of 1.25 cm2/mL. The PB S solutions
were then analyzed for ion content using an inductively coupled
plasma-optical emission spectrometer (ICP-OES). This ap-
proach allowed for the accurate determination of the concentra-
tions of ions released by the alloys at each time interval. To calcu-

late the average release rate, the total amount released was di-
vided by the total time period.

2.4. Invitro biological assessment

2.4.1. Cell viability assay

Cell viability was conducted in accordance with ISO 10993 us -
ing MC 3T3-E1 Subclone 14 (ATCC, CRL-2594™) preosteoblast
cells. The cells were cultured under physiological conditions
(37 °C in ahumidified atmosphere with 95 % humidity and 5 %
CO ,). The culturing me dia used consisted of an alph a-mini mum
essential medium (a-ME M) supplemented with 10 % fetal
bovine serum (FBS), 100 pg/mL streptomycin, and 100 U/mL
penicillin. BJPS and cast pellets of diameter 5 mm and length
2 mm were sterilized by immersion in acetone and ethanolsolu-
tion followed by UV irradiation. The pellets were then immersed
in a-MEM containing 10 % FBS and 1 % penicillin/strepto-
mycin. The extraction medium had a surface area-to-volume ra-
tio of 1.25 cm 2/ml. The pellets were incubated under the physio-
logical conditions for 24 h. Cells were incubated in a 96 -well cul-
ture plate at a density of 5 X102 cells/well for 24 h to allow cell at-
tachment. Then, the media were replaced by 100 pL of alloy ex-
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tracts. The negative control consisted of culture me dia with cells,
whereas the positive control involved culture media with 10 %
dime thyl sulfoxide (DMS O). Following incubation for 1, 3, and
5 days, the extracts were substituted with fresh culture media.
Subsequently, 10 pL of Cell Counting Kit-8 was added to each
well and allowed to incubate under physiological conditions for
1h. The spectrophotometric absorbances of each well were me a-
sured using a microplate reader (Dojindo) at a wavelength of
450 nm. Values of the optical density for the well plate reader
were then determined to calculate the percentage of viable cells
(p <0.05; n =3).

The adhesion, morphology, and distribution of the MC 3T 3-
El cells seeded on pellets incubated for 1, 3 and 5 days were ob-
served with an SEM (JSM -6701F FE G SE M). The samples were
rinsed with a phosphate buffer saline. The cells were fixed in
2.5 % glutaraldehyde at 4 °C for 2 h, then treated with 0.1 % os-
mium tetroxide, and subjected to dehydration in graded concen-
trations of ethanol (25 %, 50 %, 75 %, 95 %, and 100 %) . Fi-
nally, the samples underwent gold sputtering to examine under
SE M. For cellular live-dead staining test, samples were stained
with propidium iodide (for staining dead cells red), and fluores-
cein diacetate (for staining live cells green). Im ages were then
obtained with a fluorescence microscope (L eica DM RB).

2.4.2. Cytotoxicity assays

The activity of the lactate dehydrogenase enzyme (LDH )
served as an indicator to assess cytotoxicityin the culture media.
Pure cell culture media containing cells were em ployed to maxi-
mize LD H release. The LD H assay was conducted using the Cy-
toTox-On e reagent (Promega). 11mL of assay buffer was added
to 1 vial of substrate to form the working solution. MC 3T3-E1
cells were seeded in a 96 -well culture plate at a density of 8 x10°
and incubated under the physiological conditions for 24 h to
reach desired confluency. After the incubation period, the plates
were allowed to cool to room temperature. 100 pL of CytoTox-
On e reagent was added to all the wells containing the sample ex-
tracts. The fluorescence readings were captured using an excita-
tion wavelength of 560 nm and an emission wavelength of
590 nm (p <0.05; n =3). The percent cytotoxicity of each well
was calculated using Eq. 1. The results were found to be statisti-
cally significant (p <0.05; n =3).

Percent cytotoxicity = (Experimental value — Blank control) o)
/ (High control — Blank control) x 100

2.4.3. Cytoskeleton staining

MC 3T3 cells were seeded at a density of 50 K/ml on above
prepared samples. Af ter a 48-h incubation period, the cells were
fixed with 4 % paraformaldehyde (PFA) (Sigma-Aldrich) and
wash ed with PBS. The cells were then blocked in 1 % bovine
serum albumin (BSA) (Sigma-Aldrich) and subsequently
stained with 4',6-diamidino-2-phenylindole (DAPI) (Sigma-
Aldrich) and phalloidin (Invitrogen) according to manufactures'
instructions. Images were captured using a Leica DM i8 micro-
scope (Leica DM RB).

3. Results and disc us sion
3.1. Density and microstructure

The density of the BJPS Mg sample determined by the
Archimedes' principle is 1.58 +0.01 g cm 3. The relative density
(i.e., the ratio of the Archimedes density to the density of pow-
der measured by gas pycnometer) and overall porosity (i.e., the
total sum of open and closed pores) for the BJPS sample were
86.75 % and 13.25 % respectively. The density determined for
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the BJPS Mg sample (1.58 g cm ~3) is close to the reported density
of human bones, such as those of cortical (1.8-2.0 g cm -3) and
cancellous bone (1.0-1.4 g cm ~3) [31]. While the influence of
the mass difference between implants and bones is not well un -
derstood, a low weight for orthopedic implants is often seen as
desirable. It has been shown that in the case of prostheses, a
heavier perception of weight can induce psychological dissatis-
faction [32]. A lightweight im plant is psychologically beneficial
to the patient, especially after post-surgery trauma. A lower im-
plant mass also causes a lower load on the mu scular system.

Fig. 2a and b shows the SE M micrographs of as-printed and
as-sintered Mg samples. The as-printed sample had a relative
density of 53.6 +1.0 %. This value is close to the atomic packing
density of asimple cubic unit cell crystal structure (i.e., 52.4 %) .
In this unit cell, atoms are situated next to each other analo-
gously in all three dimensions to form large diamond-shaped
spaces with an interstitial site size of 0.732 times the atom ra-
dius. Free-flowing sp herical powder particles can stack up simi-
larly during the bind er jetting process (Fig. 1c). Given the parti-
cle size distribution of Mg powder in terms of D10, D50, and
D90, the sizes of interparticle space in the as-printed sample is
expected to be in the range of 17 to 31 um. These interparticle
spaces and Mg particles shrink during super-solidus liquid
phase sintering of as-printed samples, by which sinter necks de-
velop amon g Mg particles [23,25]. This is also seen in the cross-
sectional optical micrograph of sintered sample (Fig. 2c).

3.2. Pore characteristics

The pore characteristics of the BJPS sample were further ana-
lyzed by using pC T and mercury porosimetry. Fig. 3a shows its
representative tomo gram along the build direction, and Fig. 3b
displays the representative tomo gram perpendicular to the build
direction. The tomograms indicated a uniform porous mi-
crostructure throughout the BJPS sample without inter-and in-
tra-layers zones in both directions. This homo geneity originates
from an optimized permeation of binder materials in both the
lateral and vertical directions during the build process and the
nature of binder jetting to stack up powder layers without using
compaction or heat. This isotropic as-printed Mg sample is then
transformed into a homo genous structure during the sintering
process, as discussed in previous studies on developing bind er
jetting and sintering processes for Mg alloys [21,23-25]. Achiev-
ing a microstructure in Mg alloys as homo geneous as that ob-
tained through binder jet AM presents a greater challenge when
employing fusion-based additive manufacturing processes. In
these processes, microstructure inhomo geneities within fabri-
cated parts are caused by distinct gradients of localized heating
and cooling resulting from the multiple steps of melting and so-
lidification. For exam ple, in wire arc AM , the continuous expo-
sure of Mg substrates to a complex thermal cycle during the
layer-by-layer deposition leads to structural segregations [33].
Similarly, the formation of melt zone and heat-affected zone dur-
ing laser powder-bed fusion of Mg alloys results in substantially
segregated and precipitated phases and, therefore, microstruc-
tural variations [34]. These microstructural differences can ne g-
atively influence the obtained properties of fusion-based AM
fabricated Mg specimens, especially their corrosion perfor-
mance [34].

In the computational analysis using software to compute the
overall porosity and the interconnectivity of the pore channels of
the BJPS sample, the interconnected open pores were differen ti-
ated from isolated/closed ones, as visualized by the red and blue
colors in the 3D reconstructed pC T tomo gram (Fig. 3c). The ra-
tio of the volum e of the open pores to the total pore volum e pro-
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Fig. 2. Micrographs of binder-jet printed Mg powder in various condition, a) a SEM image of the as-printed condition, b) a SEM image of the
as-sintered condition, and c) an optical image of the as-sintered condition.

vides the pore interconnectivity or pore openness index. This
value for the BJPS sample was determined to be 95.3 %. Further-
more, the software calculated the overall porosity of the BJPS
sample to be 11.5 %, which is in close agreeme nt with the poros-
ity value obtained from the Archimedes method. This porosity
value in the BJPS Mg sample lies within the range found in hu-
man bones: The frontal (10.24 * 3.72 %) and parietal bone
(13.94 *£4.02 %) in the cranium [35], bones found in the upper
(proximal humerus (2 %-20 %) [36], distal radius (2 %-20 %)
[37]) and lower limbs (femoral diaphysis (5 %-30 %) [38]).
Mo reover, open porosity is known to facilitate the mo veme nt of
nutrients and waste products [31]. Orthopedic implants with
open porosity are highly desirable for promo ting bone regenera-
tion and osseointegration. The pore interconnectivity of scaf-
folds enables the diffusion of growth factors and enhances the
ingrowth of blood vessels and tissues. The presence of open
porosity also increases the exposed surface area, allowing for
proliferated cell adhesion, which is thoroughly discussed in
Section 3.4.

Fig. 3d shows the pore size distribution of the BJPS sample
from the mercury porosimetry test. The porosity percentage
was measured at 12.78 %. Wh ile Archimedes and pC T me thods
determine both open and closed pore types, mercury intrusion
technique only characterizes open pores within the sample.
This means that the pore openness index can be obtained by

taking the ratio of porosity determined via mercury porosime try
to that of Archimedes principle. The pore interconnectivity of
the BJPS sample determined from the mercury porosimetry
analysis is 96.4 %, which is in close agreement with the previ-
ous value obtained from the pCT results (i.e., 95.3 %). Addi-
tionally, the median pore size of the BJPS sample obtained from
mercury porosimetry was 12.73 ym, which lies within the size
range of osteoblast cells (i.e., 10-15 pm) [39].

Bones are interconnected open porous structures with dis-
tinct porosities in different regions to support a variety of func-
tions. Examples of such a variation in porosity sizes in human
cortical bones include the Haversian and Volkmann vascular
canals region (40-100 pm), osteocyte lacunae region
(10-30 pm), and canaliculi region with pores in the tens of
nanome ters range [31]. The results of the mercury test in terms
of the relative distribution of pore sizes (Table 1) show that the
percentage of open pores with sizes <lum is 9.4 %, for the pores
sizes between 1and 10 pm is 24.2 %, for the pores with sizes be-
tween 10 and 30 pm is 53.7 %, and eventually the pores with
sizes >30 pm is represented by the remaining 12.5 %. All pores
in the BJPS sample had curved surfaces (Fig. 2b). Studies con-
firm that scaffolds with sm aller pores provide mo re surface areas
for bone ingrowth [40]. Additionally, scaffolds with surface fea-
tures such as roughness and curvature promo te tissue regenera-
tion at a greater rate than those with a planar surface because of
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Fi g. 3. Characterizations of porous structures of bind er-jet printed and sintered Mg —Zn —Zr alloy, a) a representative uC T tomo gram along the
build direction, b) a representative pC T tomo gram perpendicular to the build direction, c) a 3D representation of uC T tomo grams reconstructed for
analyzing the interconnectivity of pore channels in which open pores highlighted in red and closed pores in blue color, and d) the mercury intrusion
porosimetry analysis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
The statistical analysis of the mercury intrusion results for the BJPS samples along with the reported values in the literature.
Specimen name Relative  Pore Median pore Relative volume of overall pores (%) Ref
density connectivity size diameter
(%) (%) (um) Pore size lpm <Poresize 10 pm <Poresize Pore size
diameter <lpm diameter <10 pm diameter <30 ym diameter >30 pm
Mg-5.49 Zn-0.17Zr alloy, binder jet 86.8 96 .4 12.7 9.4 24 .4 53.7 12.5 This
printed and sintered study
Binder-jet printed and sintered Mg 87 65 6.9 9 66.9 10.9 13.2 [45]
samp les
Binder-jet printed and sintered Mg  71.5 95 14.7 10 16.3 69.3 4.4 [23]
samp les, sintered in a
conventional furnace
Binder-jet printed and sintered Mg  71.7 98 17.9 4.4 10 69.9 15.7 [23]

samp les, sintered in a microwave
furnace

greater sites for attachment, proliferation, and differentiation of
new cells [41,42].

Comparing pore sizes and the level of pore interconnectivity
determined in this study with those previously reported for tra-
ditional manufacturing techniques and binder-jet printed and
sintered Mg samples and offers intriguing insights. The BJPS
sample exhibits an exceptionally high level of interconnectivity
exceeding 95 %, even for significantly sm aller pore dimensions
(~13 pm), in contrast to the outcomes obtained through tradi-
tional manufacturing techniques. For instance, a pore intercon-

nectivity of ~99 % was reported in Mg alloys produced through a
space holder infiltration method, with pore sizes ranging from
250 pm to 400 pm [43]. As another example, a pore intercon-
nectivity of ~94 % was obtained from a space holder powder
technique for the pore size between 70 and 380 pm [44].

In comparison to differently sintered binder-jet printed Mg
samples reported in the literature, the trend observed in the sta-
tistical analysis of pore characteristics indicates that increasing
relative density shifts the median pore size towards sm aller val-
ues and significantly reduces pore interconnectivity. Specifi-
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cally, increasing the relative density from approximately 71.5 %
to 87 % reduces the median pore size from 17.9 pm to 6.9 pm
and decreases pore interconnectivity from 98 % to 65 % [45].
Interestingly, the BJPS Mg samples in this study exhibit pore in-
terconnectivity exceeding 95 % at a relative density of 86.8 %. A
comparison of the statistical results in Table 1also demonstrates
that the proportions of submicron pores (i.e., <lpm), median-
sized pores (i.e., 1-30 pm ), and larger pores (i.e., >30 pm) re-
main relatively consistent across relative density ranges. These
pores originate from the spaces between Mg particles in the
green state, with their sizes determined by the particle size dis-
tribution of the Mg powder, particularly in terms of D10, D50,
and D90, as discussed in Section 3.1. Thus, if the raw powder has
a broad particle size distribution, the gap-filling effect of finer
particles results in reduced interconnectivity. Sieving fine pow-
der from the BJPS Mg feedstock prevents sm aller particles from
filling these diamond-shaped gaps between larger particles,
thereby maintaining high interconnectivity and density. These
comparisons illustrate the critical role of controlling the particle
size distribution of the Mg powder feedstock and fine-tuning the
sintering profile in regulating microporosity size.

The micron-sized porosity types in the BJPS sample are gov-
erned by bind er jetting process parame ters such as powder sp ec-
ifications, printing variables, and sintering profiles. In addition
to these pores created through process, larger pore channels can
be designed in CA D files (pores by design) to fine-tune the pore
size distribution and overall porosity percentage in binder jet
AM of Mg scaffolds. The advancement of an AM technique en-
abling the fabrication of a broad range of porosity sizes is of para-
mount importance for Mg scaffolds. Structural designs devel-
oped for nondegradable porous materials may not apply to Mg
scaffolds. The time-dependent characteristic is a vital determin-
ing factor and is currently the biggest obstacle in designing a
porous structure for Mg scaffolds in line with clinical require-
ments. The presence of porosity greatly diminishes me chanical
properties and significantly increases the degradation rate of
porous Mg alloys [46,47]. During the initial stages of bone tissue
regeneration, the mechanical integrity of the scaffold is entirely
dependent on the Mg substitute, while its gradual degradation
allows the regenerated bone to progressively regain strength
[48]. Consequently, the porous structure of Mg scaffolds mu st
be carefully designed and fabricated to achieve a balan ce between
pore characteristics that support biological functions and the
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necessary stiffness for load-bearing applications. A detailed re-
view of various aspects of designing porous structures for Mg al-
loys is provided here [49]. Binder jet AM, as demonstrated here
as well as Section 3.6 of this study, possesses the capability to
fabricate a broad range of pore sizes, enabling the production of a
reproducible micro and macro porous architecture for Mg scaf-
folds. This versatility makes binder jet AM a viable option for de-
veloping tailored products for applications in this domain.

3.3. Mechanical properties

Fig. 4 displays tensile and compressive stress-strain curves
of the BJPS Mg sample, with their corresponding values tabu-
lated in Table 2. The BJPS Mg sample exhibited a tensile
strength of ~130 MP a, a yield strength of ~100 MP a, an elastic
mo dulus of ~21.5 GP a, and an ultimate compressive strength of
~349 MP a, falling within in the ranges of mechanical properties
reported for different types of human cortical bones, including
the femur, tibia, and the carinal bones (Table 2). Lo ad-bearing
bone scaffolds should resemble the mechanical properties of re-
placement bones. Scaffolds with weaker me chanical properties
than those of natural bones fail to provide sufficient support,
while those with mechanical properties that are too strong can
lead to the stress shielding phenomenon.

Relative density is the most influential factor in determining
the mechanical properties of porous materials. Structural pores
not only reduce the load-bearing area but also act as stress con-
centration points that facilitate cracking. The strength of a
porous material inversely correlates with its relative density
[50], creating a trade-off between the two. Am ong the various
mo dels in the literature that relate me chanical properties to rela-
tive density, the Gibson-As hby model is widely used to describe
the relationship between strength and relative density [51]:

s =0, (p/p,)" )

where ¢ is a porous material strength, o, is a fully dens e mate-
rial strength, p is a porous material density, p, is a fully dense
material density, and M is a proportionality constant. In this
study, the tensile and compressive strengths of the BJPS Mg
sample were examined relative to the strength of the fully dense
Mg —Zn —Zr alloy (Table 2). The value of M was found to be 5.4
for tensile strength and 0.1 for compressive strength. This indi-
cates that the tensile strength of the BJPS porous Mg structure is
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Fig. 4. Stress-strain curves of the binder-jet printed and sintered Mg —Zn— Zr alloy under a) tensile and b) compression loading.
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Table 2
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Mechanical properties of the binder-jet printed and sintered Mg —Zn —Zr alloy along with human bone, cast Mg —Zn —Zr alloy, and additive

manufactured Mg scaffolds.

Specimen Relative Pore structure Comp ressive properties Tensile properties Ref
density characteristics
(%) Ultimate Compressive Fracture Elastic Ultimate Yield Du ctility
comp ressive yield strain modulus tensile stress (%)
strength (MPa) strength (%) (GPa) strength (offset
(MPa) (MPa) 0.2 %)
(MPa)
Mg —5.49 Zn — 86.8 Average pore 349.3 5.1 - 27.3 0.9 21.5 0.4 130.3 =3.2 99.9 *0.6 2.1 0.1 This study
0.17Zr alloy, diameter of
binder jet printed 12.7 pm
and sintered
Cortical bones - - 205 +17.3 - 17.9 £3.9 135 *15.6 - - [58]
(longitudinal
direction)
Cortical bones - - 131 £20.7 - - 10.1 £2.4 53 *£10.7 - - [58]
(trans verse
direction)
Cranial bones 86.9 £4.23 - 96.5 £359 - 5.1 3.2 115-32.5 20.4-124.6 - 0.34- [35,59,601]
1.09
Tibia - - 159 - - 14.1-18.1 120.9- 123.7- - [61,62]
175.9 178.2
Femur 90.6 +3.0 167 - - 9.55-17.3 121-172.5 115.7- - [61-63]
154.4
Mg —Zn —Zr, 71.5 Average pore 173 40.3 34.5 18.6 - - - [23]
binder jet printed diam eter of
and sintered 14.7 pm
Mg —Zn —Zr, 71.7 Average pore 176.6 39 28 20.5 - - - [23]
binder jet printed diameter of
and sintered 17.9 pm
Mg —Zn —Zr, - - 260 41 71 0.7 [21]
binder jet printed
and sintered
Mg —5.8Zn— - - 354 118 19 - 278 140 14 [64]
0.617Zr,
comm ercially
casted ingot
WE 43, laser powder 40 Gyroid scaffolds 66.8-78.5 - - 1.03-1.22 - - - [52]
bed fusion with pore size of
500-1400 pm
WE 43, laser powder 36 Average strut <3 24 10 0.8 - - - [65]
bed fusion size of
420 *4 pm
WE 43, laser powder 24-42 Tunable strut 55 - - - - - - [661]
bed fusion size of 250
750 pm
WE 43, laser powder ~20 300-500 pm 4.37- - - - - - - [67]
bed fusion 21.21
Pure Mg, 3D gel 23.1-53.4 - 13.18- - - - - - - [68]
printed and 20.05
sintered
Mg —Zn, solvent- 49.7 516 pm 95 14.5 30 0.5 - - - [69]

cast 3D printed
and sintered

proportional to its relative density raised to the power of 5.4,
demonstrating a significant dependency of tensile strength on
porosity. In contrast, the compressive strength is less sensitive
to porosity. The larger M value observed under tension com-
pared to compression in binder jet printed Mg samples is attrib-
uted to the densification that occurs during the compression of
porous structures [20].

The mechanical properties reported in the literature for Mg
scaffolds fabricated by using various AM processes were sum-
marized in Table 2. Comparing the properties of BJPS Mg sam-
ples with varying relative density, as summarized in Table 2,
highlights the significant potential of bind er jet AM in realizing
tunable mechanical properties. It is evident that the BJPS Mg
samples in this study provides twice the compressive strength of
the bind er-jet printed Mg —Zn —Zr alloys with arelative density
of 71.5 %. Wh en comparing these results with Mg alloys fabri-
cated using the laser powder bed fusion method, it is evident

that pore sizes ranging from 250 pm to 1400 pm were intro-
duced into Mg structures, resulting in porosity percentages be-
tween 60 % and 80 %. As anticipated, the pore size directly in-
fluenced the strength and elastic mo dulus of the fabricated scaf-
folds. For example, gyroid scaffolds made of WE 43 alloy with a
pore size of 500 pm exhibited a compressive strength of
78.5 MP a and an elastic mo dulus of 1.22 GP a [52].

Similarly, when comparing the mechanical properties of BJPS
Mg samples to those of porous Mg alloys fabricated using mater-
ial extrusion techniques (as presented in Table 2), it is clear that
BJPS alloys offer superior properties. The large pore sizes in Mg
structures significantlyreduced the mechanical properties of the
fabricated Mg scaffolds (i.e., 4 MPa < compressive
strength <95 MP a), making them considerably weaker than
both the BJPS Mg sample (i.e., 173-349 MP a) and human com-
pact bone (i.e., 96-205 MP a). The relatively low mechanical
properties exhibited by these Mg scaffolds may compromise
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their ability to safely bear loads, particularly when replacingload-
bearing cortical structures, thereby potentially limiting their
clinical applications. Moreover, the current me chanical strength
of Mg scaffolds reported in the literature does not even match
that of biodegradable polymers such as poly(lactic) acid (PLA ),
which has a tensile strength of 66 MP a [53], or polycaprolactone
(PCL ), with a tensile strength of 38.8 MP a [54]. This discrep-
ancy in strength could deter the adoption of Mg scaffolds, espe-
cially given the widespread use of biodegradable polymers for
non-load-bearing applications [55].

Im proving the mechanical properties of Mg scaffolds pro-
duced through laser powder bed fusion and material extrusion
methods would require a substantial reduction in strut diame-
ter— a task that would be extremely challenging, if not impossi-
ble, to achieve. For instance, the minimum achievable diam eter
in the laser powder bed fusion process is constrained by the laser
spot size (e.g., 80 pm) and the melt pool size (typically two to
three times the laser spot size) [56,57]. In this study, we have
demonstrated that binder jet additive manufacturing can pro-
duce Mg scaffolds with an open porous structure characterized
by significantly refined pore sizes (Fig. 3d). This capability al-
lows Mg scaffolds to achieve an exceptional and adjustable bal-
ance between mechanical properties and porosity, effectively ad-
dressing the long-standing challenge of the strength-porosity
trade-off.

3.4. In vitro biological evaluation

3.4.1. Cytocompatibility

Fig. 5a shows the cell viability of MC 3T3-E1 mouse pre 0s-
teoblast precursor cells cultured with the BJPS and casted
samples. The viability percentages of the MC 3T3-E1 mouse pre
osteoblast precursor cells cultured with the BJPS samples are
higher compared to those cultured with the cast and control
counterparts at the end of every incubation period. At the end
of Day 1, a robust level of cell viability was observed with a
121 % for the viability percentage of the BJPS sample and
114 % for the cast sample. The cell viability increased at the
end of Day 3, with that for the BJPS sample being higher
(151 %) than that of the cast counterpart (131 %). At the end
of Day 5, the cell viability decreased, with a 114 % for the via-
bility percentage of the BJPS sample and 97 % for the cast
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sample. Nonetheless these values for cell viability are above
the threshold for cytotoxicity based on ISO standard (70 %)
[70]. The BJPS sample showed lower cytotoxicity percentage
(8 %) than that of the cast sample (14 %; Fig. 5b), classifying
under the level 0 cytotoxicity (<25 %) in accordance with ISO
10993-5 [70]. The greater cell viability and lower cytotoxicity
for the BJPS sample than in the cast counterpart indicates its
superior cytocompatibility. This superiority is attributed to the
presence of 3D interconnected porous structures that provide
more locations and a higher surface area for the interactions
between the culture medium and cells (Section 3.2).

The decrease in the cell viability percentage at the end of Day
5stems from the contact inhibition as aresult of cellconfluence.
This decrease in cell viability was also demonstrated by Mo st ofi
et al. [71], in which the MC 3T3-E1 cell viability in Mg and Mg al-
loys decreases with increased cultured duration. The cell viabil-
ity has been demonstrated to decrease steadily with an increase
in Mg2" concentration above the reported critical limit
(0.3g L. Similarly,Lin et al. [68] reported the reduced cell via-
bility of MC 3T3-E1 due to the increase in alkalinity of the solu-
tion caused by the accumu lation of hydroxide ions as a byprod-
uct of Mg degradation. Cell viability has additionally been pro-
posed to be impeded by the formation of crystallized corrosion
products on the surface [71]. This reduction in viability does not
necessarily mean that Mg-based materials are unsuitable for im -
plants. Under in vitro cell culture conditions, the ions released
into the culture medium by the corroding Mg sample accumu -
lates, while the dynamic in vivo environme nt has me chanism s to
reduce Mg ion concentration through material transport. To il-
lustrate this point, the in vivo degradation of Mg —Zn alloy was
found to have no detrimental effects on neighboring bone tis-
sues [72]. This is attributed to the ability of the body to excrete
excess Mg2*through the renal system, while Zn2*is absorbed by
adjacent tissues and excreted via both the gastrointestinal tract
and the renal system. Both the BJPS and cast samples showed
great cytocompatibility (Fig. 5) based on the criteria set by the
above-mentioned ISO standard. This is largely due to the pres-
ence of Mg, which has been demonstrated to stimulate the adhe-
sion of osteoblastic cells and maintaining genomic stability [73].
The presence of Zn in the Mg —Zn —Zr alloy also the enhances
osteoblast cells' viability, proliferation, and migration [74]. In
particular, Zn ions have been found to promo te anabolic effect in
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Fi g. 5. Cell viability of MC 3T3-E1 mouse pre osteoblast precursor cells cultured with cast and binder-jet printed and sintered alloys, a) cell viabil-
ity of MC 3T3-E1 cells cultured with 100 % extracts for period up to 5 days, and b) cytotoxicity percentage LD H enzyme release after 24 h incuba-

tion.
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osteoblastic MC 3T 3-E1 cells [75]. In pure Mg alloy, the MC 3T 3-
El cells' viability percentages at the end of Culture Days 1, 3, and
5 were reported to be 117 %, 91 %, and 85 %, respectively [76].
Comparing among the values for pure Mg, the BJPS, and cast
samples verifies the superior cytocompatibility seen here. In
vivo experiments have demonstrated that the Mg —Zn alloy has
excellent biocompatibility, with its degradation products being
biocompatible with the spleen, kidney, liver, and heart [77].

3.4.2. Cells morphology and cytoskeleton organization

Cell attachment is crucial in cells' viability and their prolifera-
tion, and functionality. Factors including the substrate materi-
als' characteristics, cell-cell interactions, and cell-substrate in-
teractions determine the cell morphology and cytoskeleton. The
images of the cytoskeletal structure and cellular mo rphology of
MC 3T3-E1l cells following a 24 h culture period with BJPS and
cast samples show the elongate cells extending onto the sample
surface (Fig. 6). The cells adhering to the BJPS surface showed
more spreading (depicted by the area of cytoplasm in red) and
mo re extensive filopodia extensions with cell-cellcontacts, when
compared to the cells adhering to the cast counterpart.

The MC 3T3-E1 cells morphology after incubation for 1, 3 and
5 days on BJPS and cast samples (Fig. 7) support the trend ob-
served in Fig. 5a. At the end of Day 1, the cells showed initial at-
tachment and spreading for both samples, with the cells showing
an elon gate morphology and being well spread out. At the end of
Day 3 and Day 5, there was a noticeable increase in the coverage
of cells concerning both cell attachment and proliferation on the
surface of the BJPS sample. The cells exhibited a polygonal mor-
phology and achieved nearly 100 % confluency. The results indi-
cate good cell attachments and cell viability for both samples. In
addition, we observed the formation of crystalline corrosion
products on the surface of both samples, being more extensive in
the cast sample. As previously stated, this formation of crys-
talline corrosion products has been proposed to im pede cell via-
bility and might be the reason for reduced cell viability in both
samples after Day 3 [71].

The enhanced cell morphology observed in the BJPS sample
can be attributed to the larger bioactive surface area available for
cell attachment as well as increased perme ability (Section 3.2). A
porous structure is known to promote better adhesion of os-
teoblast cells, and its higher surface area may also have increased
the nutrient release rate, increasing cell proliferation [69]. High
interconnectivity and perme ability of porous structures allow for
cell infiltration. An interconnected open architecture in porous

a)
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scaffolds provides the cells with the passage to penetrate
through the length of scaffolds without bind ing between the cells
and the surface-adsorbed proteins [78]. Furthermore, porous
scaffolds with great permeability enhance bone ingrowth while
suppressing the development of cartilaginous tissue at the re-
generation site [78]. With a high pore interconnectivity of >
95 % (Section 3.2), the open porous structure of the BJPS sam-
ple allows for three-dime nsional cell attachment, whereas in the
cast sample, cells can only adhere in a two-dime ns ional fash ion.
This potential of the BJPS samples to enhance osteogenic cell
differentiation is a promising avenue for future research.

Live and dead cell stainin g was conducted to assess the prolif-
eration of MC 3T3-E1 cells after 1, 3 and 5 days of culture using
both BJPS and cast samples. In the fluorescent microscopy im-
ages (Fig. 8), viable cells are represented in green and dead cells
areindicated in red. Merged im ages depict both live and dead cell
populations. The cells were widely distributed with fewer dead
cells. The density of live cells increased to confluence after
3 days. As the living cells occupy almo st all the available surface,
the space available for cell proliferation is reduced. This led to a
few dead cells seen with the cast sample at the end of Day 3, at-
tributed to cellconfluency contact inhibition. Mo re live cells and
fewer dead cells were observed in the BJPS sample after Day 3,
largely due to the presence of pores that provides cells with a
third dimension for infiltration. Wh ile both samples sh owed fa-
vorable cytocompatibility, BJPS had a slightly better perfor-
mance. The increased proliferation of the cells suggests better
biocompatibility for the BJPS sample compared with the cast
counterpart. These observations corroborate the previous re-
sults.

3.5. Metallic ion release

Table 3 summarizes the release profiles of metallic ions from
the BJPS scaffolds and cast samples at various time points. The
BJPS samples exhibited an initial burst release phase, followed
by a more gradual release of Mg, Zn, and Zr ions. The BJPS sam-
ple demonstrated higher average release rates for these ions
compared to the cast sample. The increased release in the BJPS
sample is attributed to its larger exposed surface area in physio-
logical media, which accelerates biodegradation and, conse-
quently, leads to a higher ion release. It has been established that
the degradation rate of porous Mg scaffolds correlates with pore
size [52]. Notably, the corrosion rate of porous materials is not
linearly proportional to the porosity percentage but is signifi-

b)

Fi g. 6. MC 3T3-El cells morphology and cytoskeleton organization after incubation for 24 h, a) binder-jet printed and sintered alloy, b) cast alloy.

The scale bar indicates 50 pm .
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Cast

Fig. 7. SEM micrographs of the MC 3T3-E1 cell attachment on the surfaces of cast and bind er-jet printed and sintered alloys after 1, 3 and 5 days

of incubation.

cantly higher than that of their non-porous counterparts [46].
Therefore, applying a surface coating is essential for controlling
the degradation of porous Mg scaffolds [10,29] to maintain Mg
concentrations within safe limits for MC 3T3-E1 cells, reported
to be around 400 ppm [79].

During the anodic dissolution of Mg —7Zn —Zr alloys, both
Mg and Zn undergo oxidation, with Zn oxides forming within the
inner layer of the corrosion product film [80]. As reported in a
previous study [46], the higher degradation rate observed in the
BJPS samples is accompanied by increased surface hydrogen
evolution, which causes more frequent perturbations and dis-
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ruptions of the surface film, therebyreleasing more ions into the
solution. The Zn ion concentration in the BJPS samples remains
well below cytocompatibility limits. The Zn ions released from
the cast sample appear to be near the detection limit of the ICP
instrument (approximately 0.01 ppm), indicating that Zn ion re-
lease was minimal.

3.6. Towards binder jet additive manufacturing of mg implants

BJPS Mg —Zn —Zr parts can be manufactured in different
sizes and geometries, demonstrating the tremendous potential
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Fi g. 8. Live and dead cell staining of MC 3T3-E1 on cast and bind er-jet printed and sintered alloys after 1-, 3-, and 5-days incubation. The scale bar

indicates 250 pm.

of binder jetting for the digital manufacturing of Mg im plants
(Fig. 9). In particular, Fig. 9a shows BJPS Mg implants for cran-
iomaxillofacial im plants; Fig. 9b represents BJPS Mg bone plates
as bone fixation implants; and Fig. 9c-e displays BJPS Mg screws
targeting hard tissue engineering applications such as teeth,
bone substitutes, femoral interference, tendon grafts, and cra-
nial fixation parts. BJPS Mg parts can be post processed (e.g., by

machining) to meet precise dimensional accuracies required for
specific applications (Fig. 9e).

Fig. 10a shows BJPS Mg cranial implants in the as-printed
condition and after sintering at two different temperatures. The
as-printed BJPS Mg cranial implant demonstrates an isotropic
shrinkage during both sintering temperatures in all directions
(Fig. 10a—-d). Im age analyses of optical micrographs taken from
different locations throughout the cross-section of the sintered
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Table 3
Ac cumu lative me tallic ion release from the cast and bind er-jet printed
and sintered alloys.

Duration Sample Mg Zn (ppm) Zr
(ppm) (ppm)
Day 1 BJPS 799 1.58 0.18
Cast 271 Not 0.1
detected
Day 3 BJPS 1309 1.84 0.28
Cast 617 Not 0.16
detected
Day 5 BJPS 1873 2.48 0.48
Cast 925 Not 0.23
detected
Average release rate BJPS 265.5 0.98 0.08
(ppm /day) Cast 163.5 - 0.03

implant indicated a uniform microstructure (Fig. 10e). The im-
age analysis of the micrographs indicates a consistent pore and
density distribution throughout the cross-section, with the dif-
ferences among the analyses not being statistically significant
(i.e., =111 %). The entire 3D porous structure of the sintered
implant was further verified by using pC T (not presented here)
that indicated a uniform microstructure and pore distribution
throughout the implant.

During the fabrication of an as-printed part in binder jetting,
layers of powder in the absence of compaction and heat stack up
to form a given green shape, which then transforms into a ho-
mo genous part during the sintering process. Bind er jetting can
thus replicate a porous structure in a given geometry for any
given patient-sp ecific 3D shape. In addition to the micro pores
controlled by binder jetting processes (i.e., feedstock, printing,
and sintering parameters), macro pores can be incorporated by
design to fulfill any porosity requirement (Fig. 9a). These pore
sizes can serve as a tool to tune mechanical properties and cus-
tomize macro- and micro-architectural features of scaffolds, ac-
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commodating differences in an implantation location [81,82].
All of these factors are crucial in constructing biodegradable
scaffolds for bone tissue engineering. For instance, large bone
defects, also regarded as critical-sized bone defects, are one such
critical example that requires the need of fabricating repro-
ducible structures for patient-sp ecific scaffolds, irrespective of
scaffolds' size and geom etry. BJPS of Mg alloys lends itself to be a
promising candidate to address this need. It offers the potential
to create a porous synthetic bone substitute tailored to individ-
ual patient-sp ecific 3D shapes with tunable mechanical proper-
ties. With the capability for precise control over pore size and
distribution, BJPS Mg can replicate the macro- and micro-
architecture found in human bone tissue.

4. Conclusions

We success fully fabricated a porous interconnect Mg struc-
ture that mimics the microporosity and me chanical properties of
human cortical bone types by em ploying the bind er jet AM tech-
nique for the first time. This accomplishment enables Mg alloys
to employ a high and tunable correlation between mechanical
properties and porosity in ensuring a delicate balance between
pore characteristics conducive to biological functions and the
necessary stiffness for load-bearing purposes. The following are
our conclusions from our study.

1. The BJPS uniform

Mg —Zn —Zr alloy displays a

microstructure across the interconnected porous structure,
featuring an overall porosity of 13.3 %, a median pore size of
12.7 pm, and pore interconnectivity exceeding 95 %. These
values align with the ranges observed in human bone types.
Im portantly, the distinctive pore characteristics in BJPS Mg
alloys are un attainable through conventional manufacturing
me thods.

As-printed

As-sintered

Fig. 9. Binder-jet printed and sintered Mg —Zn —Zr parts for biomedical applications, a) craniomaxillofacial, b) bone plate fixation, and c—e)
screws that can be used in hard tissue engineering applications such as teeth, bone substitutes, femoralinterference, tendon grafts, and cranial fixa-

tion parts.
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Fi g. 10. Binder-jet printed and sintered spherical cap-like implant made from Mg —Zn —Zr powder for cranial applications, a) sp herical-cap like
Mg implants before and after sintering, b—d) comparisons of the sp herical-cap like Mg implants in the as-sintered condition with the as-printed con-
dition and the initial CA D mo del, showing isotropic shrinkage occurring during sintering of the as-printed shape, e) the cross-sectional view of the
sp herical cap-like Mg im plant after sintering at 615 °C alon g with representative optical microscope images taken from the polished surface.

2. The Mg —Zn —Zr alloy produced through BJPS exhibited a
tensile strength of ~130 MP a, a yield strength of ~100 MP a,
an elastic modulus of ~21.5 GPa, and an ultimate
comp ress ive strength of ~349 MP a. These values align with
the typical mechanical properties of various human cortical
bone types. Significantly, the mechanical properties of BJPS
Mg scaffolds are adjustable and outperform those of Mg
scaffolds created through laser powder bed fusion and
extrusion-based AM methods.

3. The BJPS Mg —Zn —Zr alloy exhibits superior MC 3T3-E1
cell viability and a lower cytotoxicity percentage (8 %)
compared to cast Mg Mg—Zn—Zr alloy (14 %),
demons trating level 0 cytotoxicity (i.e., no cytotoxic effects)
at the same time. Furthermore, the MC 3T 3-E1 cells adhering
to the surface of the BJPS alloy disp lay greater cell spreading,
attachment, and proliferation in comparison to their
counterparts on the cast Mg—Zn—7Zr surface. This
enhanced biocom patibility of the BJPS alloy is attributed to
its highly interconnected 3D porous structure, which
provides cells with an additional dimension for infiltration
(i.e., a larger bioactive surface area) compared to the cast
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alloy in which interaction with cells are limited to a two-
dimensional manner.

4. Binder jet AM offers the capability to reproduce a desired
porous structure of Mg alloys, encomp assing both micro-
and macro-sized pores, in any desired geom etry for patient-
specific 3D shapes. This adaptability also addresses the
diverse porosity requirements necessary for the time-
dependent characteristics of biodegradable Mg alloys. We
highlight the concept of binder jet AM for the digital
manufacturing of biodegradable Mg implants tailored for
applications in hard tissue engineering, including
craniomaxillofacial procedures, bone fixation, and
substitutes for bone grafts.
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