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Abstract
Calciumphosphate (CaP)materials have been proven to be efficacious as bone scaffoldmaterials, but
are difficult to fabricate into complex architectures because of the high processing temperatures
required. In contrast, polymericmaterials are easily formed into scaffolds with near-net-shape forms
of patient-specific defects andwith domains of differentmaterials; however, they have reduced load-
bearing capacity compared toCaPs. To preserve themerits of CaP scaffolds and enable advanced
scaffoldmanufacturing, thismanuscript describes an additivemanufacturing process that is coupled
with amold support for overhanging features; we demonstrate that this process enables the fabrication
of CaP scaffolds that have both complex, near-net-shape contours and distinct domains with different
microstructures. First, we use a set of canonical structures to study themanufacture of complex
contours and distinct regions of differentmaterial domains within amold.We then apply these
capabilities to the fabrication of a scaffold that is designed for a 5 cmorbital socket defect. This scaffold
has complex external contours, interconnected porosity on the order of 300 μmthroughout, and two
distinct domains of differentmaterialmicrostructures.

1. Introduction

Bone defects that are above a critical size will not
spontaneously heal when treated by mechanical fixa-
tion alone [1–3]. This critical size is a function of defect
location and the integrity of surrounding tissue.
Skeletal defects of this severity can compromise patient
ambulatory, masticatory, or dexterity function and
thus lead to a considerable decrease in patient quality
of life. Loss or injury of skeletal mass can be the result
of myriad factors, including acute trauma leading to
fragmented or segmental defects [4], resorption from
chronic diseases such as tooth decay [5], or surgical
removal after oncological radiation treatments for
bone or adjacent tissue neoplasia [3]. The current ‘gold
standard’ for large bone defect repair is the autograft, a
procedure in which healthy bone tissue is harvested
from a donor site on the patient, typically the iliac crest

orfloating ribs, sculpted into the approximate shape of
the defect void, and then fixed in place with metal or
polymer hardware [6]. In defect regions with a rich
blood supply, and hence supply of osteoprogenitor
cells, graft bone is simply fixtured and then packed
with morcelized autograft remnants or bone paste.
Long bone defects often have a poor blood supply and
a two-stage Masquelet technique is commonly used to
prime the defect location for autograft integration
[7, 8]; alternate strategies for segmental bone defects in
long bones do not utilize autologous bone [9]. An
autologous bone graft has excellent osteoinductive
and osteoconductive capabilities; however, the harvest
requires an additional surgery, leading to donor site
morbidity [10], and there is an inadequate supply of
autologous bone for complex cases [3].

Tissue engineering has promise for solving the
harvest surgery morbidity and inadequate supply
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limitations of autografts. Although researchers have
demonstrated clinical success with engineered soft,
tubular or planar tissues [11, 12], clinical translation
has been slow for complex, three-dimensional (3D),
and load-bearing tissues such as bone [13]. For the
replacement of large (greater than 3 cm) areas of
damaged bone, tissue-engineered constructs have not
demonstrated the osteoinductive, osteoconductive,
and load-bearing capabilities of autografts [13].

Tissue-engineered constructs for bone typically
consist of: a scaffold, to provide a 3D template for nat-
ural bone remodeling; biologics such as antibiotics,
growth factors, or cells; and fixation hardware to
secure the construct in place [6, 14]. This manuscript
focuses on the manufacture of advanced architecture
scaffolds made from calcium phosphate (CaP)materi-
als. We define advanced architecture scaffolds as scaf-
folds that can be designed and manufactured on three
hierarchical levels (figure 1): the envelope that defines
the 3D space occupied by the scaffold;macroscale por-
osity (pore interconnections on the order of
150–1000 μm) that permits osteoprogenitor cell
migration and blood vessel development [15, 16]; and
the material domain, which defines the chemical and
microstructural properties in each spatial domain of
the scaffold. Scaffolds of this complexity can only be
manufactured by additive manufacturing (AM) tools,
more commonly called 3Dprinters.

We are interested in advanced architecture scaf-
fold manufacturing by AM with the CaP materials
class, a well-studied bioceramic for bone tissue engi-
neering. However, CaP scaffolds with the advanced
architectural features shown in figure 1 are con-
siderably more difficult to manufacture than their
polymeric counterparts. In comparison to purely CaP
scaffolds, polymeric scaffolds and CaP/polymer com-
posite scaffolds with a high concentration (>15%) of
polymeric binders can be formed into advanced

architectures by commercial AM tools that utilize one
of the many material-consolidation mechanisms
available for polymer materials. Some of the earliest
studies of advanced architecture scaffolds used a phase
transition either by local heating (to about 100 °C) and
then cooling, or by freeze-forming, to consolidate fila-
mentous or powdered polymeric feedstock [17–24].
The adhesive nature of polymeric binders has been
utilized in binder jet printing AM tools to create purely
polymeric scaffolds and CaP/polymeric composites
[25–28]. Importantly, CaP/polymeric composites
have a ductile failure mechanism [28], unlike the brit-
tle failuremechanism of pureCaPmaterials. However,
CaP particles are held together by the polymer net-
work and thus the ultimate stress of a CaP/polymeric
composite is lower than that of pure CaP, and below
the threshold required for load-bearing applications
[28, 29]. Currently, an active research thrust is the
study of natural hydrogels, cross-linked by a chemical
or photochemical mechanism, to construct non-load-
bearing scaffolds [30–35]. Hydrogel materials have a
highly modifiable chemical structure that has per-
mitted researchers to attach and sequester growth fac-
tors and drugs for spatiotemporal control of release
[36–39]. Natural collagen and CaP/collagen compo-
sites, consolidated by freeze forming [22, 40], have
demonstrated higher moduli than hydrogels, but the
moduli are still an order of magnitude below load-
bearing requirements [22, 41].

Although polymers enable complex architecture
scaffolds, there are distinct advantages to working with
purely CaP materials for load-bearing scaffolds. The
degradation products of a CaP scaffold are thought to
create a supersaturation of calcium and phosphate
ions that are then directly used in bone formation and
remodeling [42]. In contrast, the degradation pro-
ducts of many polymeric materials are toxic or can
cause an inflammatory response [43]. However, a

Figure 1. Scaffold design space. In this example, the defect site is a 5 cm-long portion of the orbital socket. The scaffold envelope is the
digital negative of themissing bone tissue. Both themacroporosity (filament spacing) andmaterial domain can be designed such that
different domains have differentmoduli, pore connectivities, surface areas, ormaterial types. The photographs ofmacroporosity and
material domain are usedwith permission from the American Society ofMechanical Engineers.
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notable disadvantage of CaP materials is that they are
brittle, causing concern for applications requiring sig-
nificant load-bearing capacity [29, 44]. In vivo studies
demonstrate that new bone growth reinforces the brit-
tle ceramic network to increase material toughness
[44]. In contrast to the moderate temperatures (on the
order of 100 °C) used with polymer scaffolds, extre-
mely high temperatures (>1000 °C) are required to
sinter green bodies. This requirement has limited CaP
manufacturing to bulk processing methods (regular
envelopes, random macroporosity, and a single
material) and AM-based manufacturing where
researchers have demonstrated simple envelopes,
advanced macroporosity designs, and often a single
material throughout. The authors [45] and others
[46, 47] have previously demonstrated scaffolds
with a simple cylindrical envelope and with multiple
macroporosities.

This work demonstrates new manufacturing cap-
abilities for CaP materials. The unique aspect of this
work is the combined ability to fabricate near-net-
shape, complex scaffold envelopes and to integrate
multiple CaP building materials into a single scaffold
(figure 1). We define a region that contains a unique
building material as a material domain. The incor-
poration ofmultiplematerial domains couldmean the
incorporation of CaPs of different chemical composi-
tion, such as hydroxyapatite (HA) and tricalcium
phosphate (TCP). Multiple material domains could
also mean that the final scaffold consists of multiple
domains with the same chemical composition, but dif-
ferent microporosity. In the latter case, sacrificial
porogens can be incorporated into the building mate-
rial and, after sintering, the domains will have a porous
microstructure fromporogen removal.

The design space is motivated by the needs of the
bone tissue engineering community. However, as this
is a manufacturing study, the tested designs are not
explicitly tailored to elicit a particular in vivo response.
AM tools enable the fabrication of a structure contain-
ing interconnected macroporosity that will provide a
conduit for osteoprogenitor cell migration and blood
vessel formation distant from the native tissue. Pre-
vious in vivo results demonstrate that a pore inter-
connection size of 100–1000 μm is appropriate for
bone formation [42, 43]. The scaffold material
domain, defined in the previous paragraph, is an
important design consideration that influences scaf-
fold biocompatibility, mechanical properties, surface
topography, and in vivo response. Here we study scaf-
folds with multiple spatial domains of distinct materi-
als; we study a high density HA material (m1 in
figure 1) and a HA material with a 50% nominal
microscale porosity after sintering (m2 in figure 1, pore
size of 4.86±3.62 μm [48]). Microscale porosity
within a CaP scaffold has been shown to provide a
roughened surface for cellular filopodia attachment
[49, 50] and enhanced angiogenesis at early time
points for improved initial deposition of woven bone

[16]. Furthermore, a higher local concentration of the
proteins and ions required for bone formation, and
possibly even osteogenic growth factors, is thought to
be present in micropores in vivo, as compared to non-
microporous HA [43, 51, 52]. In particular, our group
has demonstrated that HA scaffolds with an inter-
connected network of microscale porosity yield a
more uniform growth profile for new bone than scaf-
folds without microscale porosity [53, 54]; the hypo-
thesized mechanism is that capillary forces from the
microporous network draw endogenous osteopro-
genitor cells deepwithin the scaffold, priming the scaf-
fold for new bone growth distant from the native bone
tissue [55]. However, materials with microscale pores
are mechanically weaker, and thus there may be clin-
ical advantages to interlaying a stronger, denser mate-
rial with a high porositymaterial.

Finally, we advocate that near-net-shape fabrica-
tion is required to efficiently use patient-specific 3D
imaging data to define the scaffold envelope. To
accomplish this, it is critical that overhanging and
unsupported features can be reliably fabricated with-
out post-fabrication subtractive manufacturing pro-
cesses, such as machining or grinding, to shape the
scaffold tomatch a particular defect [5, 44, 53, 54]; this
is a time-consuming step and risks scaffold damage,
particularly for ceramics. Polymer-based AM pro-
cesses such as fused deposition modeling commonly
integrate sacrificial material regions into the building
routine to support the large overhanging features [56].
The sacrificial material is subsequently removed by
dissolving it in water or by fracture at an intentionally
weak interface. CaP green bodies are water-soluble
and susceptible to cracking before sintering; therefore
sacrificial materials that dissolve or delaminate are not
a viable solution. Another sacrificial material option is
a polymer that is melted away during sintering [57];
however, to maintain fabrication accuracy the fluid
viscosities of the building materials must be carefully
matched so that a ceramic deposited onto a polymer
does not deform the polymer and vice versa. Given the
vastly different material characteristics of polymeric
and ceramic particles, and therefore different colloidal
synthesis methods, matching these rheological prop-
erties is a difficult task. This work presents an alter-
native approach to build large unsupported features.
In this two-step method, we build the net shaped part
within a polymer mold manufactured by stereo-
lithography. The molds fabricated by stereo-
lithography are inexpensive and can be manufactured
in just hours. Critically, the method permits many of
the conceivable features for a bone scaffold to be fabri-
cated. The set of feasible features will be discussed in
more detail in section 4.

This work investigates two main capabilities: (1)
the manufacture of complex scaffold envelopes by uti-
lizing both the self-supporting nature of layer-by-layer
AM fabrication for steep draft angles and the use of
molds for shallow draft angles, and (2) the integration
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of different material domains within a single scaffold.
To fully explore these manufacturing capabilities, we
fabricated and characterized several scaffold designs.
First, we used basic scaffold shapes to evaluate the fab-
rication of a scaffold on a mold surface. These funda-
mental experiments determined the range of
overhanging features that could be readily fabricated.
Second, we utilized three different canonical scaffolds
to evaluate the navigation of the AM system within
more complex molds and the integration of multiple
material domains within a single scaffold. Finally,
using the knowledge gained from these initial studies,
wemanufactured a large anatomically derived scaffold
comprising complex unsupported contours, inter-
connected macroporosity, and domains of different
material microstructures. The use of an anatomical
design demonstrates a clinically applicable process
plan that steps through 3D imaging, fabrication plan-
ning, and fabrication, and thus provides a blueprint
for patient-specificCaP scaffoldmanufacture.

2.Materials andmethods

2.1.Materials
The manufacturing system utilizes colloidal build
materials with a carefully tuned rheology such that the
material extrudes through small (inner diameter
d=O(500 μm)) nozzles, yet holds its shape such that
3D structures can be fabricated in a layer-by-layer
process. Characteristically, these are yield-pseudoplas-
tic fluids, which are described by the Herschel-Bulkley
model, equation (1). Yield-pseudoplastic fluids main-
tain their shape under low shear-stress conditions
where the shear-stress, t, is below the yield stress, t ,y

and then the viscosity decreases as it is sheared, such as
during extrusion through a nozzle [58, 59].
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The shear-rate is given by g , the fluid consistency
index by m, and the flow behavior index by n; a
fluid is shear-thinning when 0<n<1. Here we
demonstrate two different build material formula-
tions, one in which the solid phase of the colloid is
purely HA particles (median particle diameter of
1.75±1.04 μm, Reidel de-Haen, Sigma Aldrich
04238), m1, and the other in which the solid phase is
50 vol%HAparticles and 50 vol% poly(methylmetha-
crylate) (PMMA) microbeads (5.96±2.00 μm [48],
M-100, Sekisui Plastics Co., Ltd., Japan), m2. The col-
loid formulation is described by Michna et al in [60]
and in a detailed protocol provided in [61]; for fila-
ments of the size used here, material rheology is adjus-
ted by pH modification until the rheological
measurements are τy=O(40 Pa),m=O(60 Pa secn),
and n=O(0.40) [62, 63]. A complete introduction to

the science of colloidal processing can be found in
[59], and appropriate rheological parameters τy, m,
and n for different applications can be found in the
references in Lewis’s comprehensive review article
[57]. Material m1 has a 45/55 vol% solid-to-liquid
phase ratio, and material m2 has a 55/45 solid-to-
liquid phase ratio. After post-process sintering, descri-
bed in section 2.3, material m2 is devoid of polymer;
however, an interconnected microporous network is
formed by the volatilization of the PMMA microbe-
ads, yielding a porosity of approximately 50 vol% and
pore size of 4.86±3.62 μm [48]. Representative ima-
ges of the microstructures of m1 and m2 are shown in
figure 1. A complete materials characterization of the
HA powder and colloids used here is outside the scope
of this manufacturing study; the interested reader can
find these results in references [44, 48, 53, 54, 63, 64].

Molds are fabricated by a standard stereo-
lithography AM system (ProtoGenO-XT 18420 Resin,
Viper SI SLA, 3D Systems, Rock Hill, SC) with a reso-
lution of 0.05 mm in the x and y axes and 0.025 mm in
the z axis.Moldmanufacture ismore accurate than the
manufacture of CaP scaffolds, hence mold fabrication
is not an accuracy-limiting process step and is not dis-
cussed further here.

2.2.Digitalmanipulation of scaffold designs and
machine language
All AM processes are instructed by a base digital 3D
model of the desired structure that is in one of the
many 3D model file formats (PTC Creo .prt files were
used in these examples). This model is converted to a
triangulated surface rendering as a .stl file. Each .stl file
is converted to G-Code, a standard manufacturing
instruction language [65]. Here, we use the open-
source converter Skeinforge (RepRap.org). G-Code
instructions for direct-write AM tools are simple
compared to a CNCmill; the two basic commands are
the linear move in which the next way-point in space
(X, Y, Z) is specified, and micro-extruder commands
in which an individual micro-extruder is commanded
to start or stop extrusion.

2.3.Manufacturing system and process
The scaffolds are fabricated using a custom-built
direct-write AM system called micro-Robotic Deposi-
tion (μRD) [66, 67]. μRD fabricates complex 3D
structures by coordinating the extrusion of the colloi-
dal building material with the positioning of the
extruder nozzle in 3D space (figure 2). Nozzle position
is driven by a large travel (>1 m travel in the x and y
directions and >100 mm in the z direction) gantry
system (Aerotech AGS 10 000), and extrusion is
controlled by an array of servo-controlled micro-
extruders that drive the colloidal building material
through a nozzle to generate extruded filaments that
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can range from 200 to 500 μm (figure 2(a)), depending
on the nozzle diameter. The particular μRDmanufac-
turing system in this study has four individually
addressable micro-extrusion systems, permitting up
to four unique building materials and/or filament
sizes to be integrated within a single scaffold [61]. The
micro-extruders are indexed to operate one at a time
in a sequential fashion. The entire deposition process
is monitored by a computer vision system. A central
control computer coordinates the actuation of each
position and extrusion axis by interpreting theG-Code
file described in section 2.2.

The material extrusion rate is nominally given by
= pQ d v,

4
2 where extrusion rate Q is a function of the

nozzle inner diameter d and nozzle tip speed v. Manu-
facturing parameters are given in table 1. Tip speed

ranges from 3 to 5 mm sec−1 depending on the com-
plexity of the scaffold. Nozzle inner diameter and
layer-to-layer and filament-to-filament spacing
directly affect the dimensions Ø, H, and W in figure 1
after sintering. The scaffold designs detailed in
section 2.4 require between a few dozen and a few
hundred filament starts and stops, depending on size
and complexity. Accurate filament starting and stop-
ping requires an extrusion rate control method that is
more sophisticated than the simple static relationship
given above. We use machine vision feedback and
learning-based control to automatically construct a
library of calibration maps that are accessed by the
central computer to perform the correct plunger dis-
placement profile for transient flow rate modulation;
details on this algorithm can be found in [45] and [68].

Figure 2.Micro-Robotic Deposition (μRD)manufacturing system. (a)Engineering schematic of amulti-material extrusion head and
an individual extrusion system.Material extrusion,Qout, is driven by the servo-controlled displacement of a plunger,Qin, and
monitored bymachine vision. (b) Image of theμRDmanufacturing system at theUniversity of Illinois at Urbana-Champaign. Figure
is usedwith permission from theAmerican Society ofMechanical Engineers.

Table 1. Fabrication Parameters.

Parameter Value ProductNumber

Syringe size 5 mL Nordson EFD7012094 and 7012174

Nozzle inner diameter, d 0.510 mm Nordson EFD7005005

Tip speed, v 3–5 mm sec−1
—

Nominal extrusion rate,Q Q=(π/4)d2v mm3 sec−1
—

Layer-to-layer spacing 0.420 mm —

Filament-to-filament spacing 0.960 mm —
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The accurate start-stop capability enables two differ-
ent filaments to abut, thereby seamlessly integrating
multiple materials into a single scaffold. Lastly, the
computer software automatically performs periodic
nozzle cleaning operations at a cleaning station to
remove accumulated building material debris and
thus improve fabrication quality [61].

Given the layer-by-layer manufacturing employed
by μRD and other AM technologies and the complex
contoured scaffolds derived from medical imaging
data, there will inevitably be large unsupported spans
in the fabrication process that must be supported by a
sacrificial or temporary structure. We fabricate scaf-
folds within a mold to support overhanging features
(figure 3(a)). For every unique scaffold envelope, a new
mold is designed in 3D CAD software by: (1) taking a
Boolean subtraction of the desired scaffold and the
mold die; (2) removing material above the complex,
multiplane contour that defines the region of the over-
hanging features; (3) adding fiducial markers for mold
alignment; (4) adding hold-down tabs; and (5) adding
small (0.25 mm) capillaries to permit oil to immerse
the scaffold during fabrication.Molds are fabricated as
described in section 2.1. The mold is lightly sprayed
with a release agent (Aqua Net, Lornamead Inc.) and
then mounted on the substrate; however, it is impos-
sible to perfectly register the mold frame of reference
with the robot frame of reference in the x-y plane. To
compensate for the deviation in frame of reference, we
use the position sensors on the stages and the align-
ment of the nozzle with fiducial markers on the mold
to transform the G-Code coordinates such that the
part is fabricated accurately within the mold. The
transformation is given by
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x, y, and z are the coordinates of ideal fiducials that are
aligned with the nominal G-Code file, x′, y′, and z′ are
the measured coordinates of fiducials on the mold, X,
Y, and Z are the coordinates in a line of G-Code, and
X′, Y′, and Z′ are the transformed G-Code coordinates
(figure 3(b)). Transformation (2) assumes that the
substrate is parallel to the x-y plane of the gantry
position system and thus out-of-plane rotations in the
θ and ψ Euler angles are not necessary. Similar
transformations have been used by researchers to
fabricate a scaffold within a skeletal cavity [35].

Scaffolds are fabricated within an oil bath (paraffin
oil, Lamplight Ultrapure) that slows the evaporation of
the colloidal building material solvent, thereby ensur-
ing that the structure dries uniformly; nonuniform
evaporation drives a gradient in scaffold shrinkage and
thus leads to structural stress gradients. Fabricated
scaffolds are left to solidify under oil for 12 h and then
left to dry in air for another 24 h. As a scaffold dries,
the total dimension shrinks because of capillary-

Figure 3. Scaffoldmanufacturingwithin amold to support unsupported features. (a) Schematic of the complexDesign 5 (section 2.4.3)
mountedwithin amold. Themold has hold-down tabs and fiducialmarkers for securemounting and registration between the
G-Code frame-of-reference and themold frame-of-reference. (b) Schematic of themeasurement offiducialmarkers to transform
G-Code coordinates.
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driven particle consolidation [69], which delaminates
the scaffold from the surface of the mold. Dried scaf-
folds are carefully removed from themold; these green
body scaffolds are robust enough to be handled care-
fully, but require sintering to achieve full strength.
Scaffolds are sintered in a furnace using a temperature
profile that culminates in a temperature dwell at
1300 °C for two h (table 2) to fully densify the scaffold
and fuse the HA particles [61]. At 1300 °C, HA will
thermally decompose into TCP products, with pre-
vious studies using identical HAparticles and sintering
routines reporting a 13% β-TCP phase [48, 64]. Fully
sintered scaffolds shrink to a size that is
77.7%±4.9% (mean±standard deviation, sample
size of 1944 measurements) of the size defined by
G-Code; shrinkage is calculated by micro-Computed
Tomography (μCT) measurements of representative
scaffolds fromour previous studies [45].

2.4. Scaffold designs
Five different scaffold designs are devised to explore
the feasibility of using molds to support overhanging
features in μRD. The two primary scaffold design
variables are the scaffold envelope and the location of
different material domains. Scaffold macroporosity is
the same in all designs as the authors have explored
this design space in previous works [45]. Macroporos-
ity designs are nominally Ø=398 μm, H=257 μm,
and W=351 μm after sintering (figure 1). The basic
behavior of the colloidal materials interfacing with a
mold is explored in a set of simple cylinders with
constant-slope conical cavities in design 1. Designs
2–4 explore regular canonical shapes that incorporate
continually changing envelope slopes and multiple
material domains. The lessons learned from designs
1–4 are integrated into a scaffold with a complex
envelope defined by an orbital socket defect and
multiple material domains in design 5; this design also
demonstrates the translation ofmedical CT data into a
manufactured scaffold and thus highlights a clinically
applicable workflow.

2.4.1. Design 1
An array of six cylinders, each with a concave, conical
cavity of a different draft angle slope (4/1, 2/1, 4/3,
1/1, 4/5, and 2/3), are used to evaluate the draft angle
at which a scaffold is self-supporting and the draft
angle at which the scaffold will delaminate from a

mold without producing defects (figure 4). Material
m1 is used for each. As the slope of the conical cavity
decreases, the deposition surface of the mold becomes
more like the flat substrates typically used in μRD, and
it is anticipated that the scaffold will easily delaminate
from themold during drying-induced shrinkage with-
out defects. As the slope increases, the compressive
stress normal to the mold surface will increase during
shrinkage, possibly leading to cracking of the green
body. However, at steep draft angle slopes, accurate
deposition should be possiblewithout support because
the scaffold edges are nearly vertical, so each layer has
base support from previous layers [66]. To test these
scenarios, each of the six scaffolds is fabricated with
and without mold support for a total of twelve
scaffolds.

2.4.2. Designs 2–4
Designs 2–4 (figure 5) are three canonical scaffolds
that collectively demonstrate complex scaffold envel-
opes with constantly changing slopes, multiple inte-
grated domains with different microporosities, the
self-supporting nature of internal structures with steep
draft angles, and the ability to have concave envelope
features. Each design has overhangs that must be
supported with molds. Designs 2 and 3 are indis-
tinguishable from the external architecture, but design
2 is a test of a dissimilar material interface—such
dissimilar material interfaces are seen at the cortical-
to-trabecular transition in natural bone—and design 3
has a large internal cavity, as is seen inmarrow space in
bones. The torus in design 4 has both convex and
concave features. Much like design 1, with design 4
there is a concern of shrinkage-induced binding of the
scaffold on the mold on the concave features; the
convex features should not be an issue, as shrinkage
pulls the scaffold away from themold surface.Notably,
designs 2 and 3 have a radial/concentric pattern, and
design 2 integrates this pattern with a rectangular
lattice. The freeform nature of μRD permits fairly
arbitrary filament alignment, hence macropore struc-
tures, provided that unsupported spans do not exceed
approximately 2 mm [62].

2.4.3. Design 5
Design 5 has a scaffold envelope that is derived from a
hypothetical orbital socket defect (figure 1). The
orbital socket is one of the most architecturally
complex regions of the human skeleton and is thus a
rigorous test of the manufacturability of biologically
inspired, complex-contour, multi-domain scaffolds.
Manufacturing success requires an integration of the
scaffold manufacturing capabilities explored in
designs 1–4: accurate extrusion starting and stopping,
integration of differentmaterials, and registrationwith
and manufacturing within a mold. We use a clinically
relevant data processing pipeline: the 3D scaffold
envelope is derived from μCT data cataloged in the
Visual Human Project; we select the skull skeletal

Table 2. Sintering schedule.

Segment RampRate [°C h−1] Temperature [°C] Hold [h]

1 180 100 1

2 60 250 4

3 60 350 0

4 180 900 2

5 600 1300 2

6 natural cooling ambient —
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structure in the Visual Human Project [70] and then
digitally excise the orbital socket to serve as a model
defect; the negative of the orbital socket defect is used
as the scaffold envelope; the 3D region near the skeletal
surface is designated as materialm1, to best mimic the
mechanical properties of cortical bone; the internal
region is designated as material m2, to best mimic the

mechanical properties of trabecular bone [29, 44, 48];
and then, finally, the 3D model is scaled up by 28% to
account for the drying- and sintering-induced shrink-
age (section 2.3). The scaffold envelope has many
convex and concave contours and hence is a demon-
stration of whether the draft angle limitations of
concave features explored in design 1 extend to larger,

Figure 4. Set of six test scaffolds to evaluate the self-supporting nature ofmaterialfilament inμRDandmanufacturingwith amold.
(a)Cross-section of each cylinder demonstrating the different draft angles tested. (b) 3Dmodel of Design 1with a draft angle of 4/5.
The plan view and cross-section through the isometric view demonstrate the conical cavity.

Figure 5.Designs 2–4 are canonical shapes to evaluate fabricationwithin amold and the integration ofmultiplematerial domains.
Figure is usedwith permission from theAmerican Society ofMechanical Engineers.
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more complex scaffolds. Unlike the axially symmetric
scaffolds in designs 1–4, design 5 requires the proper
registration ofmold features withG-Code instructions
in thej angle, in addition to the typically required x, y,
and z coordinate registrations.

2.5. Characterization
A suite of imaging tools is used to characterize the
scaffolds. Each fabricated scaffold is imaged by macro
photography (Canon EOS-5D Mark III) to character-
ize filaments and total scaffold structure. Multiple
μCT instruments are used to characterize internal
macroporosity and demonstrate differences in x-ray
attenuation of the different material domains; each
μCT instrument has different chamber sizes and
accompanying algorithms. X-ray attenuation images
are taken with a SkyScan 1172 for designs 1–4 and an
Xradia MicroXCT-400 for design 5 due to the large
dimension of design 5; two μCT scans are performed
on different regions of design 5 and the resulting
images are digitally stitched together using overlap-
ping part recognition. A third μCT instrument (μCT
80, Scanco Medical) is used to quantify the distribu-
tion of macropore and filament sizes of designs 2–5;
design 1 is only used to assess fabrication on a mold.
Quantification is performed using Scanco Eval V6
software. In order to not introduce measurement
artifacts from the edge of the scaffolds, contours are
placed on the inner edge of the outermost filament in
each slice, and hollow regions at the center of designs 3
and 4, and the regions outside the contours are
removed from the analysis. Scaffolds are segmented by
application of a global threshold corresponding to
360 mg HA cm−3 and a low-pass Gaussian filter
(sigma 0.8, support 1.0) to suppress noise. Macropore
and filament sizes are quantified using a built-in
algorithm that fits a maximal sphere in either the
macropore or filament body at each voxel in the 3D
space [71]. Distributions are reported as histograms,
normalized based on volume percentage (histogram
bin sizes are 10 μm for designs 2–4 and 25 μm for
design 5). Lastly, SEM (Philips XL30 ESEM-FEG) is
used to characterize the microstructural differences
between materials m1 and m2 in a representative
scaffold.

3. Results

3.1.Designs 1a–1f
All twelve scaffolds were fabricated in an identical
process, with the only differences being the G-Code
file that prescribed the design and whether or not a
mold was used. All scaffolds were manufactured with-
out appreciable extrusion-related defects and thus the
mold versus no-mold comparison is fair. Scaffolds
fabricated with a mold to support overhanging
features (figure 6(a)) maintained the conical cavities
for all slopes. Scaffolds fabricated without a mold

could only maintain a conical cavity for draft angle
slopes of 2/1 and larger (figure 6(g)). Scaffolds with a
shallow draft angle were not self-supporting and the
center of the cylinder collapsed (figure 6(d)), and
therefore the geometric integrity of the scaffold was
compromised. The advantage of fabricating scaffolds
with overhanging features was best demonstrated with
μCT images of the internal macroporous architecture;
scaffolds deposited on a mold maintained a uniform
filament and macropore structure (figure 6(e)) while
scaffolds deposited without a mold collapsed and
therefore deformed the macropore structure
(figure 6(f)). There were no observed negative con-
sequences of using a mold to support overhanging
features for this simple design: all scaffolds successfully
released from the mold surface, and the precise mold
registration procedure ensured that the nozzle navi-
gated around the mold surface without collisions or
excessive deformation of the extruded filaments at the
mold surface (figure 6(c)).

3.2.Designs 2–4
Similar to design 1, there was no evidence of sintering-
or shrinking-induced cracking, either from the inter-
face between two differentmaterial domains, in design
2, or from constrained shrinking around the mold
supporting the concavity in design 4 (figure 7). On the
surface, designs 2 and 3 looked identical, but the
difference between the designs was clear from the
reconstructed μCT data in column 3. The ellipsoidal
cavity in design 3 maintained its shape despite being
unsupported; the cavity had a steep slope throughout
most of the layer-by-layer build routine and therefore
was self-supporting. At the top of the ellipsoid, the
slope rapidly becomes shallower, but at this location
the distance to be spanned by a filament was short and
an ellipsoidal cavity could be completed with little
deviation from the desired design. Logically, not all
hollow cavities would be self-supporting, but some
cavity designs could be, and thus demonstrated
promise for recreating anatomically derived marrow
cavities. Measured architectural features ofmacropore
size and filament thickness approximated the nominal
dimensions designed in section 2.4 (see table 3 and
figure 8); all peak bin frequencies and means for the
macropore and filament sizes were within 100 μm of
the nominal and, based on animal model studies
[42, 43], we predict that the in vivo response would be
insensitive to manufacturing variations of this
magnitude.

3.3.Design 5
Design 5 was considerably larger than each of designs
1–4 and thus took longer than 10 h to fabricate in the
mold. After fabrication, the scaffold was allowed 36 h
to dry, after which we were able to release the scaffold
from the mold with no observable cracking or defects,
as determined by macrophotography and μCT
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imaging. Notably, design 5 has a large concave contour
that corresponded to the orbital socket side of the
scaffold that we anticipated would cause some diffi-
culty as the scaffold dried and thus shrank around the
mold; however, this contour did not cause cracking
from constrained shrinkage. The two different mate-
rial domains, materials m1 and m2, were fully fused
together with no observable delamination at their
interfaces (figure 9). A representative scanning elec-
tron micrograph from a smaller, simpler scaffold
demonstrated that the interface between the two
materials was continuous without delamination
(figure 1). Pockets between the two different domains,
where they existed, existed because of deposition

inaccuracies, not material delamination. Although the
filaments were largely uniform in size and spacing
across the entire scaffold, design 5 did have a higher
frequency of manufacturing defects, as evidenced by
the right-sided tail in macropore and filament size
distributions (figure 8). As reported elsewhere, large
build sizes do complicate μRD fabrication as small
defects compound layer-by-layer, causing a positive
feedback loop of fabrication errors [63]; a defect in the
previous layer can affect filament adhesion in the
current layer, which then negatively affects the sub-
sequent layer. Again, peak macropore and filament
dimensions were within 110 μm of the nominal
dimensions (table 3) and thus were in a range in which

Figure 6.Manufacturing results for design 1. (a)–(c)Representative scaffoldwith a 4/5 draft angle slope fabricated on top of amold to
support the conical cavity. (a)As-fabricated scaffold on themold. (b) and (c)As-sintered scaffold from the top and bottomdirections,
respectively. (d)Representative scaffoldwith a designed 4/5 draft angle slope fabricatedwithout amold. The overhanging features
collapsed during fabrication. (e)μCT image of a representative scaffoldwith a 4/5 draft angle slope demonstrating that a supporting
mold helpedmaintain the internalmacroporous architecture. (f)μCT image of a representative scaffoldwith a 4/5 draft angle slope
fabricatedwithout a supportmold. A 4/5 draft slopewas not self-supporting and thus the overhanging region collapsed. (g) Synopsis
ofmanufacturing results. All scaffolds released from themold surface. Scaffolds with a draft angle slope of greater than 2/1were self-
supporting and did not needmold support.
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the in vivo response would be insensitive to manufac-
turing variation. The overall manufacturing quality
demonstrates that large scaffolds, larger in total
dimension than critical size, with advanced architec-
ture features, can be accurately fabricated.

4.Discussion

4.1. Thismanufacturing paradigm enables the next
generation ofCaP scaffold design architectures
This work demonstrates that scaffolds composed of
CaP materials can now have advanced architectural
designs. This enables capabilities including complex

Figure 7.Manufacturing results for designs 2–4. Columns 1 and 2 aremacrophotography images of the fabricated scaffolds. Column 3
displays orthogonal slices through the set ofμCTdata. Designs 2 and 3 appeared identical on the surface; however, the difference in
designwas clear from the attenuation levels of the reconstructedμCTdata in column3.Design 2 integrated twomaterial domains
with differentmicroporosities; differences in themicroporosity were identifiable by light and dark regions, denotingmaterialsm1 and
m2, respectively. The ellipsoidal cavity in design 3maintained its shape despite being unsupported. Design 4 demonstrated surface and
internal features for a torus where the convex and concave contours of the scaffold envelopewere supported by amold. Images are
usedwith permission from theAmerican Society ofMechanical Engineers.

Table 3.Quantified fabrication accuracymetrics.Means and stan-
dard deviations are rounded to reflect bin sizes.

Metric Design

Peak Bin

Frequency

[μm]
Mean

[μm]

Standard

Deviation

[μm]

2 210 240 120

3 210 240 90
Macropore Size

4 290 250 70

5 325 350 225

2 490 470 180

3 430 430 100
Filament Size

4 480 460 90

5 425 500 150
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contours in the scaffold envelope, large unsupported
cavities in some designs, and multiple integrated CaP
material domains. In this study we investigated the
integration of different domains of HA with different
microstructures: a fully dense material, m1, and a
nominally 50 vol% microporous material, m2. How-
ever, the material set demonstrated for μRD includes
β-tricalciumphosphate (β-TCP) [72, 73] andHA:TCP

and HA:β-TCP composites of varying ratios [73, 74].
Each of these material chemistries can integrate pore-
forming PMMAmicrobeads, as detailed in section 2.1,
such that chemistry and microporosity can be inde-
pendently controlled. Our recent studies of the in vivo
response of HA with high volumes of microporosity
found that capillary forces from the microporous
structure drive osteoprogenitor cells and proteins deep

Figure 8. Fabricatedmacropore and filament pore dimensions for designs 2–5. Percent volumes of eachmacropore and filament size
are calculated via amaximal sphere fitting algorithm applied at all voxels in the reconstructedμCTdata (section 2.5). Histogrampeaks
are approximately the same; however, design 5 has a larger right-sided tail in bothmacropore and filament sizes, indicating less
accurate filament placement.

Figure 9.Design 5 fabrication results. (a)The fabricated scaffold delaminated from themold surfacewhen drying and thus
demonstrated that even scaffolds that have amore complex envelope than those studied in designs 1–4 can be successfully fabricated
within amold. (b)Cross-section image through the x-y plane of theμCTdata set.Materialsm1 andm2 had different x-ray attenuation
levels, denoted by the difference in grayscale values. (c)Optical photograph of the sintered scaffold. Themultiplematerial domains
were visible as a slight colormismatch of the differentmaterials; a superimposed region denotes the boundary. (d)Three orthogonal
cross-sections in theμCTdata set. Qualitatively, the filament spacing in the x—y, x—z, and y—zplanes is largely uniform.
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within scaffold material and improve bone growth
uniformity [53–55]. Given that each of the CaP
materials have different mechanical properties and
bioactivity and that microporosity increases bioactiv-
ity but mechanically weakens the scaffold, the manu-
facturing paradigm presented here provides the
scaffold designer with a powerful toolset to tailor local
scaffoldmechanics and bioactivity.

We envision tailored scaffold architectures that
have both the requisite strength and favorable in vivo
response designed using interlaid regions of dense,
strong HA filaments and highly bioactive high-micro-
porosity HA or HA:TCP composites. We reiterate that
the manufacturing capabilities demonstrated here are
all readily attainable for polymeric and polymer/cera-
mic composite scaffolds fabricated by modern AM
tools. These advanced architectures have not pre-
viously been fabricable with CaPmaterials; thismanu-
facturing development is a step in the direction of this
next generation of CaP scaffold designs.

4.2.Ourmanufacturing paradigm appreciably
expands the set of feasible scaffold envelopes
The results in this manuscript demonstrate that many
of the features that are included in advanced architec-
ture bone scaffolds, including convex and concave
features, multiple material domains, and internal
concavities, are feasible using the described manufac-
turing paradigm. Importantly, our μRD system and
accompanying control algorithms use:

• a materials set in which eachmaterial has a carefully
tuned rheology such that it is self-supporting at
steep draft angles and has a matched rheology so
that abutting materials do not grossly deform each
other,

• molds to support features that are not self-support-
ing, as illuminated by the study of design 1, and

• a robust control system to carefully control filament
placement.

Although these capabilities permit a vast array of
complex scaffolds to be fabricated, some scaffold
designs are infeasible. One such design has unsup-
ported features in which the requisite support mold
would block the fabrication of underlying features
using the top-down, layer-by-layer paradigm
employed by μRD. These limitations have implica-
tions for clinically applicable scaffold designs as well.
The orbital socket scaffold in design 5 would require
through holes for screw fixation; either the cylindrical
cavity that defines these through holes would have to
be oriented approximately perpendicular to the μRD
system x-y plane or previously described postprocess
machining [5, 44, 53, 54]would have to be employed.

4.3. The utilization ofmolds is efficient and permits
clinical translation
Arguably, an ideal scaffold manufacturing tool would
not require molds for unsupported features and would
simply use sacrificial support materials. Section 1
argues why sacrificial materials, which are most likely
polymeric, are not easily integrable for CaP scaffold
manufacture. Prefabricated molds present a simple,
inexpensive solution that enables scaffold envelopes
with complex contours. Importantly, given a digital 3D
description of the scaffold envelope, thesemolds can be
designed and fabricated in hours and thus do not delay
the clinically important workflow of defect imaging,
scaffold design, scaffold manufacturing, seeding with
biologics, and then implantation [5, 13, 75].

5. Conclusions

This manuscript details a demonstration of manufac-
turing capabilities of a multimaterial direct-write
additive manufacturing tool, micro-Robotic Deposi-
tion (μRD), used in conjunction with a mold, and
accompanying coordinate transformations, to fabri-
cate calcium phosphate (CaP) scaffolds with complex
3D envelopes and multiple material domains. These
capabilities are readily available with polymer and
polymer/CaP composites with commercial additive
manufacturing tools, but have not been demonstrated
with fully dense and pure CaP materials. The ultimate
demonstration is a CaP scaffold with an envelope that
is defined by medical imaging data and user-defined
regions of different CaP microstructures. These cap-
abilities highlight a path towards highly tailorable 3D
scaffold designs. Previously established materials for-
mulations have provided raw building materials that
span the set of efficacious CaP materials and have a
range of microstructures (0–60 vol% interconnected
microporosity and 1–10 μmpore interconnection size
[48, 60]). With the established multimaterial capabil-
ities of μRD and with our control methods and ability
to fabricate complex envelopes, defect-specific scaf-
folds with locally customizable material domains are
now feasible. These tools expand the set of scaffold
designs fabricable with CaPmaterials; in particular, we
envision mechanically and bio-actively optimized
scaffolds that integrate dense HA load-bearing mem-
bers with highly efficaciousmicroporousHAor TCP.
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