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Abstract

Porous ceramics have been utilized in various fields due to their advantages derived from characteristics of ceramics and
porous structure and they were produced by versatile fabricating methods. However, the adoption of differently scaled
pores in the porous ceramics by conventional pore forming strategies which results in dual-scale porosity has been studied
to combine the specific functional abilities of each scaled pore. Those proposed strategies were supplemented to the recent
additive manufacturing methods for constructing complicated structure with precisely controlled fabricating conditions. In
this review, we provide the researches creating dual-scale porous ceramics with additive manufacturing which utilized the
ceramic slurries containing homogeneous solution of photocurable monomers and terpenes. Introduction of the basic way
to prepare photocurable monomer and terpene incorporated ceramic slurries which are suitable for specific printing mecha-
nism was firstly discussed. And based on the characteristics of slurries, lithography-based and extrusion-based method are
discussed with the experimental results. Subsequently, the remaining challenges of the techniques are further discussed with

suggesting potentially capable approaches to overcome the limitations.
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1 Introduction

Porous ceramics are ceramics containing 15-90 vol% of
pores which are characterized by advantages of ceram-
ics (high mechanical properties, excellent thermal stabil-
ity and corrosion resistance) and pores (extended surface
area, roughened surface) [1-5]. These porous ceramics have
been extensively utilized as insulator, electrode for battery
and fuel cells, and biological applications. As electronic
and thermal utilization, pores facilitate charge (electrons
and ions) transport and disturb the heat transfer by trapped
air inside pores [6, 7]. 3D bilayered solid-state electrolyte
framework for high energy density lithium metal-sulfur bat-
teries were produced via tape-casting method by Fu et al.
[8]. They employed polymethylmethacrylate (PMMA) bead
for generating pores inside the thick garnet layer which can
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host the electrode material and liquid electrolyte. And appli-
cation of that resulted in high sulfur loading, coulombic effi-
ciency. As a way to reduce thermal conductivity, Han et al.
investigated the effect of porosity to thermal conductivity
of porous mullite ceramics [9]. Porous mullite ceramics
prepared by combined gel-casting and microwave heating
method exhibited pores with several hundreds of pm. And
thermal conductivity of the products was inversely propor-
tional to the porosity. Regarding biological applications,
pores with diverse range of size have been known to possess
distinctive roles for enhancing tissue regeneration around the
scaffolds [10-12]. Li et al. proposed a hot-dog like structure
combining rods with micro-scale pores inside macro porous
hollow tube. The generated hierarchical lamellar porous
structure was attributed to the highly promoted formation
of new bone [13]. More specific classification to the func-
tions of pores with different sizes were suggested by Sanchez
et al. that macro pores within 300-400 pm induces bone
ingrowth, vascularization, nutrient transfer, and cell growth
[11]. Meanwhile, pores including 1-20 pm distinctively act
for cell attraction, cellular development, and directionality
of cells [11].
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One of the representative manufacturing methods for
porous ceramics with micro-scale pores is utilizing ceramic
powder incorporated slurries which containing pore forming
agents. In terms of pore forming agents, sacrificial materials
which are easily removable at green body state by a simple
procedure and which could be eliminated during pyrolysis
and sintering have been widely employed. For the former,
freeze casting method is generally used and pores are cre-
ated by rejection of ceramic particles during solidification
of freezing vehicles. Since freeze casting is based on the
slurries, pore characteristics such as porosity, pore size, and
pore shape can easily be tailored by controlling freezing
conditions and freezing vehicle. Water, camphene (a kind
of terpenes), and tertiary butyl alcohol (TBA) are the most
widely incorporated freezing vehicles for freeze casting
of porous ceramics. Since they possess different physico-
chemical characteristics, conducted studies followed their
specific conditions for specific porous structures [14-22].
Additionally, customized shapes are also possible through
different condition where freezing procedure occurs [23,
24]. Regarding the elimination of pore forming agent dur-
ing heat treatments, versatile studies reported facilitation of
polymeric spheres or beads as pore generators with their
particular sizes [25-27]. These polymeric sphere and bead
based porous ceramics were distinguished by the pore shape
and relatively narrow range of pore size resulted from the
source of polymer.

Lately, the advent of various additive manufacturing
methods inspired the adoption of pore forming agents to pro-
duce porous ceramic scaffolds. Unlike the traditional above-
mentioned methods for fabricating porous ceramic scaf-
folds, additive manufacturing methods are advantageous in
facilitating precisely designed structure with interconnected
macro-scale pores. Especially, extrusion-based 3D printing
methods including ink-jet printing [28, 29], robocasting
[30-32], rapid direct deposition of ceramic paste [33], and
extrusion free-forming [34, 35] and photopolymerization
of ceramic slurries [36, 37] have been developed. In addi-
tion to those additive manufacturing techniques, a variety
of researches were carried out to generate dual-scale porous
ceramics by combining the traditional method utilizing pore
forming agents for micro-scale pores and developed addi-
tive manufacturing methods for macro-scale pores. Com-
bination of micro-scale pores and macro-scale pores in a
single porous ceramic scaffold is characterized by enhanced
infiltration and release of fluids or gases, effective volumet-
ric availability, and beneficial to mechanical properties and
surface area [38, 39]. Particularly, articles regarding intro-
ducing dual-scale pores for biological applications reported
that considerable enhancement in tissue regeneration which
derived from increased attaching sites for cells [13, 40, 41].

Herein, we introduce recently developed ceramic addi-
tive manufacturing methods for dual-scale porous structure
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utilizing specially designed slurries incorporated with
sublimable terpenes. Since terpenes used as pore forming
agents generates dendritic pores inside the green bodies
during phase transition near the melting temperature and
sublimation, micro-scale pores are supplemented in three
dimensionally fabricated porous scaffolds. For the first part,
preparation of ceramic slurries containing terpenes and pho-
topolymerizable monomers are addressed. And we shall cat-
egorize the methods based on the initial phase of the slur-
ries: (1) liquid state slurries adopted in lithography-based 3D
printing and (2) solid state slurries used in extrusion-based
3D plotting. Furthermore, potential aspects for advance-
ments of each method are also discussed.

2 Preparation of ceramic slurries containing
sublimable terpenes for additive
manufacturing

Camphene (C,,H,¢) and camphor (C,H,,0) which are most
widely used terpenes for freeze casting method exhibits
complete liquid solution state above the melting temperature
[42, 43]. And this complete liquid solution become complete
solid solution without phase separation even it undergoes
cooling procedure at room temperature [42, 43]. Thus, stud-
ies regarding freeze casting adopted this camphene/camphor
alloy system to generate pores in the ceramic scaffolds by a
simple sublimation process. Even though its simplicity and
convenience, shape retention ability of green bodies after
elimination of camphene and camphor is insufficient to with-
stand external pressure. Consequently, special care should
be taken to the green bodies until the green bodies were put
into heat treatment procedure.

As a solution for strengthening of green bodies, photocur-
able monomers have been supplemented into the ceramic
slurries which could hold the initial shape by photopo-
lymerization. However, incorporated photocurable mono-
mers should be dissolved in the slurries since separated
photocured polymers are rather detrimental to green body
strength. Accordingly, determining the ternary eutectic
condition between camphene, camphor, and photocurable
monomer for preparing homogeneous ceramic slurries at
certain conditions is the most important factor to be applied
in ceramic additive manufacturing techniques. As suggested
by Tomeckova et al., blended photocurable monomers and
camphene/camphor alloy maintain liquid state at a certain
range of temperature [43]. In terms of ceramic slurries
including the photocurable monomer/camphene/camphor
solution, decreasing temperature of the slurries results in
solidification of camphene/camphor alloy to be dendritic
crystals which induce phase separation from photocurable
monomers. Followed photopolymerization of photocurable
monomers by ultra violet (UV) radiation fix the dendritic
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structure of camphene/camphor alloy and this improves the
strength of ceramic green body. Since contained ceramic
particles distributed in the photopolymerized parts, removal
of camphene/camphor only generated the pores in the scaf-
folds except the photopolymerized parts.

3 Production of dual-scale porous ceramic
scaffolds consisting of macro/micro-scale
porous structure

There have been various researches considering dual-scale
porous ceramic scaffolds to take advantages of both of
macro-scale and micro-scale pores as summarized in Table 1
[44-52]. In particular for monomer/terpene system, thermo-
reversible behavior of ceramic slurries including photocur-
able monomer and camphene/camphor alloy near the melt-
ing temperature is main factor for determining applicable
techniques for ceramic additive manufacturing. Above the
melting temperature, the flowability and viscosity of the pre-
pared photocurable ceramic slurries are suitable to be spread
on the printing platforms. And this flowability of ceramic
slurries is appropriate to be utilized in tape-casting method
with supplementation of photocuring equipment which ena-
bles lithography-based additive manufacturing since tape-
casting requires repetition of spreading ceramic slurries on
the platform and laminating the layers [53, 54]. On the other
hand, ceramic slurries stored under the melting temperature
become soft solid state without any flowability. For this case,
extrusion-based 3D additive manufacturing methods should
be utilized to produce 3-dimensional ceramic scaffolds by
imposing pressure to the frozen feedstocks to be deposited
in a certain shape through connected nozzle [55, 56].

3.1 Lithography-based additive manufacturing
with tape-casting using molten terpene slurries

Lithography-based additive manufacturing utilizes pro-
jection of light to the slurries with specifically designed

structure and sequential tape-casting procedure to fabricate
desired scaffolds. Compared to other additive manufacturing
techniques, degree of precision in printing is superior since
photopolymerization occurs only in the parts with light irra-
diation. And creation of complicated structure such as triply
periodic minimal surface (TPMS) structure and customized
structure is also possible to be achieved [57, 58]. And the
temperature of platform and recoater where ceramic slurries
encounter during printing should be controlled to spread
ceramic slurries into a thin layer and to hinder unwanted
freezing of ceramic slurries. After a single layer is formed,
temperature of the platform decreases under the freezing
point of the ceramic slurry to induce solidification of ter-
penes followed by phase separation between monomer and
terpenes. Subsequently, UV light irradiation according to
2-dimensionally partitioned images of 3D structure on the
layer is conducted to fabricate green framework for layer by
layer stacking.

Crucial points for lithography-based ceramic additive
manufacturing are determination of temperature for forma-
tion of thin ceramic layer, dwelling time for sufficient den-
dritic growth of terpenes inside the layer, and photocuring
time for adhesion between layers. Temperature for building
ceramic layer with terpene crystals is generally set by the
results of differential scanning calorimetry (DSC). Any spe-
cific theoretical calculation or guideline for deciding dwell-
ing time for terpene dendritic growth and photocuring time
could not be established due to numerous variables including
components of the slurries (photocurable monomer, terpe-
nes, and ceramic powder) and specification of light source
(wavelength and power). Thus, related researches deter-
mined the detailed fabricating conditions through series of
experiments.

Lee et al. fabricated hierarchical porous calcium phos-
phate (CaP) scaffolds via combination of freeze-casting
method and newly developed digital light processing
(DLP) system [51]. They utilized camphene and camphor
with weight ratio of 2:1 as a freezing vehicle for generat-
ing micro-scale pores in the CaP scaffolds. And diurethane

Table 1 Summary of additive manufacturing techniques to fabricate dual-scale porous ceramics [44-52]

Techniques Characteristics Reference

UV curing-assisted 3D plotting Incorporation of photocurable monomer and terpene in the filament [44]

Direct foam writing/Direct ink writing Extrusion of particle stabilized foam with trapped air bubbles or pore formers [45-47]
3-dimensionally designed macro-scale pores with micro-scale pores

Powder based 3D printing Injection of printing liquid on the mixture of polymer, active filler, and inactive filler [48]
Controlled pore characteristics based on the amount of fillers

Camphene/ceramic co-extrusion Using camphene as a pore former in core and shell parts [49, 50]
Unidirectional macrochannel with interconnected pore walls

Digital light processing Tape-casting of photopolymerizable ceramic slurry containing freezing vehicles [51,52]

Creating highly complex shape with excellent precision
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dimethacrylate (UDMA) and phenylbis(2,4,6-trimethylb-
onzoyl)phosphine oxide (PPO) were used as photocurable
monomer and photoinitiator for photopolymerization of each
layer. All of the ingredients for photocurable ceramic slur-
ries were homogeneously mixed without phase separation
at 70 °C. Custom-built DLP equipment with digital micro-
mirror device (DMD) and temperature controller to plat-
form and recoater was set to piling up thin layer of prepared
ceramic slurries (Fig. 1).

Thermal behavior of the slurries containing different
amounts of freezing vehicles (camphene and camphor) was
monitored by DSC analysis to determine the temperature
of platform to induce dendritic growth of freezing vehicles.
According to the article, solidifying temperature of the slur-
ries increased as increasing the content of freezing vehicle
which were monitored as ~35 °C for 40 vol% of terpenes
to~51 °C for 60 vol% of terpenes. This phenomenon was
derived from declined heat conductivity induced by incor-
porated UDMA and CaP particles. Following the obtained
results, temperature of platform was differently controlled
at each condition to fully solidify the terpenes.

Evolution of terpene dendritic crystals in the layer and
photopolymerization process sequentially take place right
after spreading the ceramic slurries on the platform. After
even spreading of ceramic slurries, temperature of the
platform is decreased until the programmed value. While
descending the temperature, dendritic growth of freezing
vehicles and phase separation occurs with repelling mono-
mer and ceramic particles. Certain range of dwelling time
is inserted for solidification and photopolymerization pro-
cedure by UV irradiation. Regarding photopolymerization
of photocurable monomer, a trend of cure-depth and curing

Light ' N
sourceQ’“ DMD
Frozen Photopolymerized
slurry » framework oo ter

‘Warm platfor
(33~38°C)

Fig. 1 Custom-built DLP equipment for fabricating dual-scale porous
CaP scaffolds
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time should be analyzed to acquire optimal condition with
sufficient interfacial bonding between the layers. Increased
exposure time resulted in thicker photopolymerized layer
without significant differences regarding to other vari-
ables such as porosity. Based on the identified relationship
between exposure time and thickness of photopolymerized
layer, the authors adopted 220 pm thickness with 20 s of cur-
ing time. The reason for choosing 220 pm thickness which
was thinner than the photocured thickness at 20 s of curing
time was to acquire sufficient strength of green body and
bonding between the layers by adequate percent conversion
of UDMA [59].

Wood-pile structured macro-scale pores were adopted
according to initial design with identical porosity of 50 vol%
as demonstrated in Fig. 2a-c. However, measured overall
porosity of scaffolds with 40 vol%, 50 vol%, and 60 vol%
of freezing vehicles were 61 +2 vol%, 66 +2 vol%, and
70 + 1 vol%, respectively. And the measured microporosity
which resulted in higher overall porosity following increased
freezing vehicle contents was 27-53 vol% with increased
freezing vehicle contents of 40-60 vol%. Comparing overall
porosity which theoretical calculated by initial macroporo-
sity and microporosity with that from dimensional calcu-
lation, slight difference less than 5 vol% was noted. This
difference was attributed to the scattering of projected light
due to incorporated ceramic particles and shrinkage during
debinding and sintering process. And increment in pore size
of micro-scale pores was originated from the higher amount
of freezing vehicle contents (Fig. 2d—f).

Further research presented dual-scale porous CaP scaf-
folds with complicated gyroid structure utilizing identical
ceramic slurries and DLP system [52]. Gyroid structure is
one of the TPMS structure which possesses fully intercon-
nected pores with a certain degree of curvature [60]. And
this structure is extensively studied by a variety of fields
since it is a kind of biomimetic structure possessing high
degree of structural stiffness and interconnectivity of pores
[60, 61]. However, constructing complex gyroid structure
has been hard to be achieved by conventional filament-based
additive manufacturing techniques due to lack of freedom in
printing path. Thus, this research definitely demonstrated the
advantage of DLP technique with a wide range of applicable
shapes. Figure 3 illustrates the optical images of the CaP
scaffolds with different amount of camphene/camphor alloy.
Even though the border between the layers were clearly
shown, cracks or defects in the scaffolds were not found.

Microstructure of fabricated gyroid CaP scaffolds were
analyzed by scanning electron microscopy (SEM). Macro-
scale pores between the curved frameworks were estab-
lished regardless of amount of camphene/camphor alloy
(Fig. 4a—c). As demonstrated in Fig. 4d—f, micro-scale
pores were generated within a few micrometer by dendritic
growth of camphene/camphor alloy which indicates that the
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Fig.2 Structure of macro/micro-scale pores in the CaP frameworks produced by DLP system with a, d 40 vol%, b, e 50 vol%, and ¢, £ 60 vol%

of freezing vehicle contents

40 vol% 50 vol% 60 vol%

Fig.3 Optical images of the gyroid CaP scaffolds with 40 vol%,
50 vol%, and 60 vol% of camphene/camphor alloy

scaffolds are consisted of dual-scale pores with macro-scale
and micro-scale.

Assessment of the effect of micro-scale pores in the scaf-
folds was carried out by water penetration capability (Fig. 5).
Relatively simple strategy was used to evaluate water pen-
etration capability which based on the fact that micro-scale
pores are beneficial to mass transport [62, 63]. Results
obtained from water penetration capability test indicated
that interconnected micro-scale pores in the CaP frame-
work enhanced the rate of mass transport because the speed
of water adsorption from bottom to top was faster in the
scaffolds with larger amounts of camphene/camphor alloy.
Furthermore, in vitro cell attachment and cell proliferation
test using MC3T3-E1 pre-osteoblast cell line (ATCC, CRL-
2593, Rockville, MD, USA) were conducted to examine the
biocompatibility of the scaffolds. Obtained CLSM images

revealed that adhered morphology of cells was similar in all
of the dual-scale porous CaP scaffolds as shown in Fig. 6a.
Cell proliferation evaluation through monitoring cell num-
ber proved improved cell proliferation in the scaffolds with
increasing camphene/camphor content (Fig. 6b). Enhanced
biocompatibility following the increased camphene/camphor
content is mainly due to the increased roughness of the sur-
face by micro-scale pores [64]. This finding suggests that
fabricated dual-scale porous CaP scaffolds by DLP process
are applicable to hard tissue engineering.

3.2 Photocuring -assisted 3D plotting technique
using frozen terpene feedstocks

Unlike the lithography-based additive manufacturing tech-
niques using liquid phase ceramic slurries, extrusion-based
manufacturing systems have also been extensively studied
which employing solidified ceramic slurries to achieve dual-
scale porosity [65, 66]. However, traditional extrusion-based
additive manufacturing techniques showed difficulties in pro-
ducing complex shape, especially for free-standing structure.
As extrusion-based plotting utilizes frozen filament to build
the scaffold with layer stacking, lack of consolidation of
green filament at room temperature requires supplementary
supporting parts which should eventually be removed. Noted
by that challenges, Maeng et al. proposed photocurable mon-
omer as an enhancer for shape retention ability during plot-
ting 3D structure [44]. They developed UV curing-assisted
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Fig.4 SEM images of the gyroid CaP scaffolds in terms of incorporating amount of camphene/camphor alloys: a, d 40 vol%, b, e 50 vol%, and
¢, £ 60 vol%. Viewed from the normal a—c to the building direction and (d-f) high magnification of the frameworks

10s 30s 60s

50 vol% 40 vol%

60 vol%

Fig.5 Water penetration capability assessment of dual-scale porous
gyroid CaP scaffolds with different content of freezing vehicles
(40 vol%, 50 vol%, and 60 vol%) at 10 s, 30 s, and 60 s of immersion.
And red region represents water penetrated part

3D plotting system which induce photopolymerization of
the filament right after extrusion from the nozzle. Since
the feedrod contains frozen camphene/camphor crystals,

@ Springer

sublimation of them would generate micro-scale pores in
the filaments. Figure 7 illustrates the schematic diagram of
the printing process and set equipment. Sufficiently acquired
green filament strength is expected to improve shape reten-
tion ability which make possible to create complex structure
without any supporting materials.

Identical slurry components suggested in previous works
with lithography-based additive manufacturing were utilized
[51, 52]. However, the liquid state slurries were frozen at
room temperature in the metal mold to generate solid terpene
crystals before extrusion. Compressive load and thickness of
photocured layer for 50 vol%, 60 vol%, and 70 vol% of ter-
pene contained feedstocks were evaluated to set appropriate
plotting process. Trend of compressive load following the
displacement were measured using the nozzle with diameter
of 500 pm. Monitored behavior of compressive load similar
at all of the feedstocks. Compressive load increased until
reaching maximum point and maintained at a certain value.
The maximum values which reside in 650-2050 N were
considered to be suitable for this in situ UV photocuring-
assisted 3D plotting system under specific experimental con-
dition. And the photocuring behavior of the feedstock which
represented by thickness of photocured layer was assessed
by increasing photocuring time (Table 2) [44]. The mini-
mum thickness of photocured layer was 285+ 6 pm even in
the 1 s of UV exposure time which suggested that the use
of nozzle with diameter of 500 pm was sufficiently accept-
able to fully cure the extruded green filament by irradiated
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(a) CLSM image (b) Cell proliferation
40 vol% 50 vol% 60 vol% 5

|[C140 vol%
[ 150 vol%
160 vol% [

—
1

Number of cells [x10%]

0 T T
3 5

Culturing time [days]

Fig.6 a Representative CLSM images at culturing time of 1 d with low (top) and high (bottom) magnification and b monitored cell number
after 3 days and 5 days of culturing on the scaffolds

(a) Schematic diagram (b) Experimental setup

Cured filament
after freeze drying

Ceramic/
monomer Ceramic/
* polymer
Terpene network
dendrite
Pores

3D platform

. )(\/' . | 3D platfqrfrl

Fig.7 a Schematic diagram of UV curing-assisted 3D plotting system and b experimental setup for printing

Table 2 Thickness of

. Curing time [s] 1 5 10 15 20 60

photocured layer as a function
of curing time for the biphasic Thickness of photo-
calcium phos.phatfz (BCP) cured layer [pm]
feedstocks with different 50 vol% 285+6 51746 63649 72049 779+ 14 887+18
terpene contents [44]

60 vol% 302+23 616+8 658+16 860+ 10 995+7 1134 +18

70 vol% 378+7 738+7 817+10 984 +23 1115+10 1506 +36
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UV light from both sides. In all of the experimental groups,
thickness of photocured layer increased with decreasing
increment ratio as photocuring time increased. The reason

After plotting

™

During plotting

z

With UV curing

|

Without UV curing

Fig.8 Optical images of inclined structure fabricated by in situ 3D
plotting with and without UV curing process

for decreasing increment ratio is precedently photopolymer-
ized layer acted as blockage to the additional photocuring
of monomers.

Additionally, an experiment regarding shape retention
ability was conducted comparing the effect of UV exposure.
As proposed in Fig. 8, inclined structure was maintained by
3D plotting regardless of application of UV curing during
the filament was held by nozzle. On the other hand, remark-
able difference was observed right after the end of plotting
process where the filament was detached from the nozzle.
The green filament which underwent UV curing maintained
its initial structure due to photopolymerization of UDMA,
whereas green filament without UV curing collapsed. Thus,
in situ UV curing-assisted 3D plotting technique possess
the potential of generating complex structure without any
supporting materials.

The microstructure of the sintered filaments was observed
by SEM. As demonstrated in Fig. 9, filaments containing
different amounts of terpenes were well fabricated without
any deformations (Fig. 9a—c). In higher magnification, the
porosity and pore size were slightly changed with increasing
terpene amounts (Fig. 9d-f). Actually, quantitatively calcu-
lated microporosity were increased from 43% to 70% with
increasing 50 vol% and 70 vol% of terpenes, respectively.

Fabrication of dual-scale porous BCP scaffolds by in situ
UV curing-assisted 3D plotting was conducted by applying
a tool-path with woodpile structure (0°-90° sequence). As
illustrated in Fig. 10a, the 3-dimensionally stacked scaffolds

Fig. 9 Microstructure of sintered filaments fabricated through in situ UV curing-assisted 3D plotting with a, d 50 vol%, b, e 60 vol%, and c, f

70 vol% of terpene contents
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Fig. 10 a Typical optical image of sintered scaffolds produced by
in situ UV curing-assisted 3D plotting, b reconstructed micro CT
image, FE-SEM image of ¢ top surface and d adhered part between
the deposited layers produced by 60 vol% terpene filaments

were produced and notable delamination or deformations
were not found after sintering at 1250 °C for 2 h. The meas-
ured sintering shrinkage, size of microchannel, and diameter
of filament were similar. Further analysis on the structure
was carried out with micro CT. In the Fig. 10b, internal
macro-scale pores were proven to be well organized and the
filaments were continuously connected. Adhesion between
the layers, which is one of the critical points for additive
manufacturing, was closely examined by SEM observation
(Fig. 10c—d). As shown in Fig. 10c, transversely located
BCP filaments with the diameter of ~350 pm were piled up
following highly controlled path way. And circular shape of
filament was preserved between the filaments, and three fila-
ments were tightly bonded to one another (Fig. 10d). Overall
porosity was measured as 71% and 84% with raising the
terpene amounts from 50 to 70 vol% which was attributed to
the enlarged microporosity even though the macroporosity
of initial design was same.

One of the most remarkable aspects of suggested in situ
UV curing-assisted 3D plotting is the shape retention abil-
ity of the filaments derived from photopolymerization. Fig-
ure 11 exhibits hierarchically constituted structure which
consists of straight filaments between the lower filaments.
In conventional ceramic additive manufacturing methods,
supporting materials which are essential for creating com-
plicated structure to hinder sagging of the filaments due to
gravity. However, supporting materials should be eliminated
since they are not originally necessary for final products.
On the other hand, removal process of supporting materi-
als requires considerable care and time not to damage the

constructing filaments. In this respect, newly developed
in situ UV curing-assisted 3D plotting technique is effec-
tive and useful to fabricate the ceramic products.

4 Conclusion and perspectives

In this paper, recently developed additive manufacturing
methods for producing ceramic scaffolds with dual-scale
pores which could facilitate specific functional abilities
of each scaled pore were introduced. Based on the state of
ceramic slurries, additive manufacturing techniques were
categorized into lithography-based and extrusion-based
systems. Both of the procedure exhibited excellent results
which could be further employed in ceramic printing. How-
ever, there are some challenges which need to be improved
for practical usage.

Mentioned lithography-based printing procedure utilized
ceramic slurries with relatively high temperature which
solidified at room temperature. However, preparation of
ceramic slurries in elevated temperature causes fast evapo-
ration of the freezing vehicles which could result in concen-
tration gradient in the slurries during printing. Additionally,
readily heated syringes and platform and heating system
over the environment are needed to prevent solidification of
the ceramic slurries. Thus, the advent of innovative ceramic
slurries which could be mixed in liquid state at room tem-
perature should be studied for further advancement.

In terms of the photocuring-assisted 3D plotting technique
using frozen terpene feedstocks, highly porous ceramic scaf-
folds were successfully fabricated with dual-scale pores.
And its unique self-supporting ability which overcome the
limitation of traditional extrusion-based ceramic additive
manufacturing methods could inspire broad range of applica-
tions. Even though the scaffolds consisted of macro-scale and
micro-scale pores, body fluid could not rapidly infiltrate into
the scaffold in physiological condition. Fabrication of hollow
filaments by using additional material which are removable
during post processing or heat treatment could induce penetra-
tion of body fluid into the scaffolds easier. And this would
result in the improved bone to implant fixation.

The highest porosity of dual-scale porous ceramic prod-
ucts referred in this article was nearly 80% which for vari-
ous fields. Still, there are increasing demands for ultra-high
porosity which is around 90%. Even though using thinner
struts could realize the ultra-high porosity, dramatically
decrease mechanical properties would limit their usage.
Therefore, incorporating and controlling micro-scale pores
within the densified ceramic struts could achieve ultra-high
porosity with less decreased mechanical properties.
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Fig. 11 Micro CT images of
self-supporting structured prod-
ucts generated by in situ UV
curing-assisted 3D plotting
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