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Abstract 

 

In this work, a vat photopolymerization (VP) additive manufacturing process fabricated bioceramic 

cuboids at different build orientations to investigate their effects on post-sintering shrinkage and 

associated physical properties. A suspension of β-tricalcium phosphate (TCP) in Autodesk PR 57 

commercial photopolymer resin and dimethyl sulfoxide (DMSO) solvent was used to shape green 

parts. Thermal treatment removed polymer from the green shape before sintering TCP at 1300 ◦C at 5 

◦C/min. Part morphology, dimensional shrinkage, and mass loss after sintering were evaluated. Part 

dimensions parallel to the build direction exhibited greater shrinkage compared to the other two 

dimensions. Mass loss was independent of build orientation. This paper is the first to investigate the 

relationship between build orientation and post-sintering shrinkage of bioceramic structures shaped by 

VP. In this work, an understanding of printing ceramic suspensions, and accounting for dimensional 

ceramic part shrinkage with respect to build orientation is gained to help guide print parameter 

selection to improve part fidelity and performance. 
 

Keywords: ceramic, stereolithography, sintering, shrinkage, anisotropy, build orientation, scaffold, 
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1. Introduction 

 

 Additive Manufacturing (AM) of bioceramics offers design freedom that enables fabricating 

geometrically complex structures that can be tailored for various applications in the automotive (Kaya 

1999), biomedical (Cox et al. 2015), environmental (Nandi et al. 2008) and electronics (Dufaud & 

Corbel 2002) industries. Bioceramic materials are a major focus in the biomedical field because they 

mimic bone tissue with regard to osteoblast cytocompatibility, osteoconductivity, controlled 

biodegradability, and increased gene expression (Jones et al. 2006; Rahaman et al. 2011; Chen et al. 

2006). Bioceramics can be leveraged by AM in creating complex structures captured from individual 

CT scans that could seamlessly integrate into the human body for bone tissue replacement. Defects 

affect 1,000,000 people in Europe and the United States in 2014 (Hing 2004; Parikh 2002), 

necessitating scaffolds with patient-specific geometric designs for seamless integration, assisting bone 

regeneration. AM allows for selective placement of materials in space allowing users to tailor designs 

to fit the specific size, shape, and porosity of the defect needed to be filled. Vat Photopolymerization 

(VP), also known as stereolithographyTM is an AM process in which ceramic particles suspended in 

photocurable polymer resin is selectively cured layer by layer, to directly fabricate individualized 

structures without loss in material. Solidified shapes, known as green bodies are placed in a high-

temperature furnace to burn out the polymer between 200-600 ◦C (Beyler & Hirschler 2002). This 

enables ceramic particles to diffuse into those voids left by the polymer. After polymer burnout, 

ceramic particles remaining join together in sintering to consolidate the green body into a fully dense 

ceramic structure. During consolidation, shrinkage occurs in the part may be isotropic or anisotropic, 

leading to reduced part quality if the original design does not account for this phenomenon. Therefore, 

an understanding of the ceramic part shrinkage behavior post-sintering is important to conceive 

optimal designs critical to successful bone tissue scaffold fabrication.  

 

1.1 Bioceramic printing in AM 

 

Bioceramics are of interest in AM due to material composition similarities to bone and dental 

materials, and their ability to be manufactured as complex porous scaffolds in bone implants (Osborn 

& Newesely 1980; Seitz et al. 2005). Materials such as hydroxyapatite were printed using binder 

jetting to create shapes with well-defined walls and inner channels down to 330 microns. Other 

research groups fabricated bioceramic scaffolds using robocasting deposition techniques, revealing 

compressive strengths and elastic moduli values similar to the bone material (Miranda et al. 2008). 

Bioceramic printing using VP requires loading a high concentration of ceramic powder (above 50% by 

weight) into a photopolymer resin that is selectively cured into a green body and sintered at high 

temperatures (Fig. 1) (Halloran et al. 1997). During sintering, the photocured polymer in the green 

body debinds between 500 and 600 ◦C, leading to the shrinkage of bioceramic parts (Scalera et al. 

2014; Maeda et al. 2011). Seol et al. used a calcium phosphate/hydroxyapatite composite in VP to 

fabricate and sinter tissue engineered scaffolds. That study found a correlation between linear 

shrinkage of these scaffolds with respect to heating rate (Seol et al. 2013). Although there have been 

efforts to control bioceramic deposition in space using AM, there are no studies that investigate the 

effects of build orientation using VP on part shrinkage during sintering.  
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Figure 1: Schematic representation of ceramic suspension process for vat photopolymerization.  

1.2 Print orientation effects in AM 

 

Orientation is known to impact printed part properties in AM. Research groups have previously 

investigated the impact of build orientation on material properties in other areas of AM. Lee et al. 

looked at the influence of build orientation on compressive strength of parts fabricated by material 

extrusion and a nanocomposite deposition system, to help model their behavior (Lee et al. 2007). 

Adamczak and coauthors investigated effects of build orientation in material jetting on the ultimate 

tensile stress and showed there were no statistical differences (Adamczak et al. 2015). However, in our 

previous work, it was reported that orientation is known to impact printed part properties in material 

jetting based systems (Barclift & Williams 2012; Bass et al. 2016). Puebla et al. revealed parts built 

vertically using vat photopolymerization possessed significantly greater mechanical properties than 

parts built flat or on their edge (Puebla et al. 2012). More recently, research groups designed robust 

predictive models for dimensional shrinkage in cylindrical polymeric parts fabricated using VP. These 

predictive models and accompanying experimental data compensated these geometric deviations for 

future builds and orientations to improve dimensional accuracy (Huang et al. 2014; Huang et al. 

2015). A study by Lasgorceix et al. evaluated shrinkage profiles of sintered ceramic structures with 

various porosities under different sintering temperatures (Lasgorceix et al. 2016). However, shrinkage 

with respect to build orientation has not been fully investigated which can better-informed print 

processing decisions. 

 

1.3 Context 

In this paper, tri-calcium phosphate (TCP) bioceramic powder (at 60% weight ratio) is blended 

with a commercial photopolymer resin and an organic solvent to form a photocurable suspension. This 

suspension is selectively cured into a green body composite and sintered to remove the polymer 

binders, thus creating a final densified ceramic structure. The primary focus of this paper is to 

investigate the shrinkage behavior of sintered bioceramic structures with respect to build orientation 

and their effect on physical properties. An enhanced understanding of the build orientation on the 

physical properties of sintered bioceramic shapes can guide the vat photopolymerization process by 

establishing relationships between design and build orientation selection. Build orientation selection 

analysis assists in the decision-making process of incorporating support structures, while accounting 

for the vat photopolymerization configuration and printing time. 
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The authors explored the influence of build orientation on dimensional shrinkage and associated 

physical properties of sintered TCP parts. Three build orientations were tested using a commercial 

bottom-up VP printer. Morphology, dimensional shrinkage, volume shrinkage, and mass loss results 

are presented in Section 2 of this paper. The discussion of results in Sections 3 and 4 provide 

important insights such as any potential correlations between build orientation and shrinkage of 

bioceramic parts created by vat photopolymerization. Assumptions and considerations that will have to 

be factored into future work are also discussed.   

 

2. Experimental Methods 

 

2.1 Formulation setup 

 

 In order to fabricate bioceramic suspensions that were selectively cured into green bodies and later 

sintered into dense parts, the authors selected a high solid loading ratio (60% by weight of calcium 

phosphate powder (0.5-10 µm size), 20% commercially available photocurable resin, and 20% organic 

solvent. More details of the materials used are presented in Table 1. After mixing the materials, the 

suspension was sonicated in a water bath sonicator (Omegasonics Quantum Series – 50/60 Hz) at 

room temperature (25 ◦C) for 10 minutes, to disperse the calcium phosphate particles. After sonication, 

the suspension was stirred again to recirculate particles to mitigate sedimentation before pouring into 

the resin vat. 

 

Table 1. Materials for the study 
Formulation component Amount (wt%) Abbreviation Supplier 

β-tricalcium phosphate (TCP) 60 TCP Sigma-Aldrich 

Black Prototyping resin (PR 57) 20 PR-57 Autodesk 

Dimethyl sulfoxide (DMSO) 20 DMSO Sigma-Aldrich 

 

2.2 Build orientation setup 

 

 Autodesk Print Studio was the software used to import CAD cuboid designs with 3 mm x 6 mm x 

9 mm dimensions along the X, Y and Z directions, respectively before printing. The 6 mm x 9 mm 

plane of the cuboid serves as a reference face to its orientation on the build platform (Fig. 2). The 

build orientation nomenclature follows ASTM standards of additively manufactured parts (ASTM 

International). However, for simplicity and reporting purposes, the cuboid is denoted as being oriented 

in the xy-plane (flat), yz-plane (edge) or zy-plane (vertical) to the build platform. (Fig. 2). The build 

direction is denoted as the z-axis. 

 
 

Figure 2. CAD designs of cuboids oriented on the build platform in the xy, yz, and zy-planes. The 

build direction occurs in the z-axis. *Denotes the reference face that is parallel to the plane of interest 

in the cartesian coordinate system. 
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2.3 Particle size analysis 

 

 A Horiba LA-950 laser scattering particle size analyzer measured the particle size distribution of 

the TCP particles to help analyze grain formation within the part morphology after sintering. 

 

2.4 Print process parameters 

  

      A commercially available desktop VP printer, the Autodesk Ember with a swiper accessory kit, 

was used to fabricate TCP shapes from the suspension using patterned ultraviolet light from the 

software’s slicing toolpath. The exposure time for the first layer was set to 10 seconds, to ensure that 

the part adhered strongly to the build platform. Subsequent model layers were cured for 2.5 seconds 

each based on the working curve model (Fig. 3) in which the cure depth and depth of penetration are 

114.05 µm and critical exposure is 53.62 mJ/cm2 respectively. It is based on the Jacobs’ equation that 

is a linear relationship between cure depth (Cd) and light energy exposure (E) (Jacobs 1992) (Eq. 1). 

The depth of penetration (Dp) is dependent on inherent photocuring kinetics in the polymer system. 

This equation is used to tune exposure time for each layer in the build. 

  

                                                            lnpd
c

E
C D

E
                             Eq. (1) 

 

 
Figure 3. A semi-log plot of the working curve for TCP suspension. Energy exposure (mJ/cm2) and 

Cure depth (10-4 m) are in the x and y-axis respectively. 

 

After curing each layer, the resin tray was rotated 60° away from the window, to allow for the resin to 

re-coat the build. Subsequently, the build platform was moved up by a single layer thickness of 25 

microns before the resin tray returned for curing the next layer. This process was repeated until the 

build was complete. The printed parts were immersed in isopropyl alcohol to remove any uncured 

residual monomer and blot-dried overnight before sintering. 
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2.5 Sintering 

  

To analyze part dimensions before the sintering step, the X, Y, Z sides, and the volume of green 

specimens were individually measured with a digital caliper and averaged. The masses of the 

specimens were also recorded. In the sintering step, a programmable tube furnace purged with 

nitrogen was heated from room temperature at a heating rate of 5 ◦C/min to 1300 ◦C. The parts were 

isothermally held at 1300 ◦C for 2 h, before being cooled at a rate of 5 ◦C/min back to room 

temperature (Fig. 3), and stored before testing.  

 

 
Figure 3. Sintering cycle of TCP specimens. 

 

2.6 Microstructural analysis 

 

 The cross sections of fractured TCP cuboids were fixed and mounted on the surface of a 2:1 ratio 

mixture of EpoThinTM 2 Epoxy resin to EpoHeatTM 2 Epoxy Hardener (Buehler, Lake Bluff, IL) in a 

casted mould. Fixed samples are polished with a METPREP 3 polishing/grinding system to smooth 

fracture surfaces for morphology analysis. Polished samples were placed in an environmental SEM - 

FEI Quanta 600 FEG under high vacuum to analyze the cuboid grain morphology and densification 

after sintering. 

 

2.7 Dimensional shrinkage 

 

 The X, Y and Z dimensions of sintered TCP specimens were measured with a digital caliper and 

averaged in an Excel spreadsheet, to determine shrinkage along each direction, and the overall volume 

shrinkage when compared to the green body measurements.  

 

2.8 Mass after sintering 

  

 The masses of sintered TCP specimens were recorded before and after sintering, to verify if the 

extent of photocurable binder and solvent losses were constant across different build orientations.  
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2.9 Statistical analysis 

 

 A one-way analysis of variance (ANOVA) and an unpaired t-test were used to determine 

significant differences between test groups, with a significance value of p < 0.05.  

 

3. Results and discussion 
 

3.1 Microstructural analysis 

  

 SEM images show little difference in microstructure in fractured TCP specimens when print 

orientation is taken into account. For all three build orientations, voids are present in fractured samples 

which limit complete part consolidation after sintering. Densification may have been compromised 

due to omitting an isotherm in the sintering processing step designed to slowly remove organic 

components from the green body. As a result, voids at or below the surface appear in the sintered 

microstructures (Fig. 4). The presence of these voids compromises part flexural strength but was not 

reported in this study. Compromised part strength may be attributed to TCP’s low material density, 

making it difficult to sinter into a monolithic, dense structure (Kalita et al. 2007). Incorporating more 

mechanically robust ceramics such as alumina and zirconia can improve mechanical strength. In the 

thermal treatment step, lengthening the sintering cycle to increase final bulk density or incorporating 

reinforcing ceramic additives such as zirconia to bridge existing voids during the sintering process will 

also improve strength (Wu et al. 2017).  The broad particle size distribution of the feedstock powder 

that is consolidated into the sintered structure may also compromise strength. (Fig. 5) Larger particles 

may fuse and neck more slowly than smaller particles, leading to non-uniform grains in the 

consolidated structure. It is reported in traditional ceramic processes that a homogenous, finely 

distributed powder feedstock may improve uniform densification after sintering (Lange & Metcalf 

1983; Bowen et al. 1998; Bowen & Carry 2002). Increasing the sintering time through isotherms and 

lower heating rates can provide more time for ceramic particles to diffuse into voids left by polymer 

burnout. However, larger grain boundaries would form that create longer paths for cracks to propagate 

within the structure (Rahimian et al. 2009).  

 

 
 

Figure 4. The bulk microstructure of TCP specimens fabricated in the a) x-y (Flat), b) y-z (Edge) and 

c) z-y (Vertical) build orientations. Black arrows denote large-scale voids beneath the fracture surface. 

Orange arrows denote smaller voids present at the specimen’s surface. Magnification: 5000X 

  

 

   

a) b) c) 
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Figure 5. Particle size distribution of TCP powder feedstock used for printing. Q (%) represents 

percent frequency related to histogram data. Undersize (%) represents cumulative percentage of 

particles below the particle diameter. 

 

3.2 Dimensional shrinkage  

 

Table 2.  Dimensional shrinkage of TCP cuboids with respect to the build orientation. 

x-y plane (Flat) 

 Side x Side y Side z 

Original dimensions  3 mm 6 mm 9 mm 

Green body  2.98 ± 0.147 mm  6.63 ± 0.436 mm  9.64 ± 0.458 mm  

Post-sintering  2.76 ± 0.091 mm  6.29 ± 0.383 mm  9.10 ± 0.453 mm  

Percent shrinkage 7.14% 4.93% 5.67% 

y-z plane (Edge) 

 Side x Side y Side z 

Original dimensions  3 mm 6 mm 9 mm 

Green body  3.88 ± 0.447 mm  6.00 ± 0.105 mm  9.65 ± 0.269 mm  

Post-sintering  3.55 ± 0.517 mm  5.27 ± 0.253 mm  8.91 ± 0.433 mm  

Percent shrinkage 8.73% 12.13%   7.74%  

z-y plane (Vertical) 

 Side x Side y Side z 

Original dimensions  3 mm 6 mm 9 mm 

Green body  3.59 ± 0.296  6.49 ± 0.270  8.87 ± 0.051  

Post-sintering  3.19 ± 0.402  5.93 ± 0.343  7.73 ± 0.384  

Percent shrinkage 11.40%  8.66% 12.91% 

  

 Dimensional accuracies in the build orientation (i.e. sides x, y and z for x-y, y-z and z-y planes 

respectively) for green bodies were remarkably precise, almost matching design specifications (Table 

2). The printer’s actuator that controls the build stage in the build direction has greater resolution than 

the other sides and mitigates layer overcure from the solid cuboid design. Green body dimensions 

along the lateral directions exhibited greater values than CAD specifications deviations likely due to 

side scattering from TCP particles leading to layer broadening (Halloran 2016). After sintering, the 

dimensional shrinkage of TCP cuboids printed in the xy-plane (flat) and y-z plane (edge) was 

statistically greatest (p < 0.05) for sides in parallel to the build direction. However, TCP cuboids 

printed vertically (zy-plane) whose sides are parallel to the build direction did not experience 

statistically significant shrinkage post-sintering compared to other sides. (Table 2) This result could be 
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due to experimental error for side x measurements for both green body and post-sintered parts printed 

in the z-y (vertical) plane. The error is possibly attributed to TCP batch to batch processing variability 

which led to inconsistent final part fidelity. Additional caliper measurements along the length of 

individual sample cuboids are needed to improve precision in future shrinkage studies.  

 In summary, dimensional shrinkage values of TCP parts ranged from 4.93% to 12.91%, well 

within the range of linear shrinkage of bioceramics fabricated using other VP processes (Seol et al. 

2013). The findings support that anisotropy may be present in additively manufactured parts, 

particularly along the build direction possibly due to ceramic settling due to gravity during the 

sintering step (Puebla et al. 2012; Lasgorceix et al. 2016). It could also be due to particle 

sedimentation during the print process resulting in mass losses biased in the build direction. Volume 

shrinkage was greatest in TCP cuboids printed in the zy-plane possibly due to the number of layers 

printed along the build direction. Here, it is hypothesized that more layers within the build printed in 

the zy-plane have more localized areas where polymer diffusion and shrinkage occurs during 

debinding and sintering.   

 

 
a)                                               b)                                                c) 

Figure 6. Layered profiles of sintered TCP parts with respect to build orientation: a) xy-plane (flat), b) 

yz-plane (edge) and c) zy-plane (vertical). Magnification: 46X 

  
Figure 7. Volumetric shrinkages of TCP parts with respect to build orientation. (*denotes statistical 

significance at p < 0.05) 
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3.3 Mass loss after sintering 

  

 Mass loss of the sintered parts reveals it is independent of build orientation and shrinkage 

anisotropy. (Fig. 8) A one-way ANOVA statistical analysis showed no significant differences in the 

mass loss with respect to build orientation. According to mass loss data, the photocurable binder and 

solvent were removed in the sintering cycle because organic compounds thermally degrade at 

temperatures above 200 ◦C (Beyler & Hirschler 2002). The mass loss values ranged from 46.20 to 

49.42 percent which is more than the expected mass loss (40%). This phenomenon may be due to 

particle sedimentation, leading to fewer particles at the resin surface for printing. This problem is 

likely caused by low viscosity (1.9 cPs) properties of DMSO solvent and predominantly micron sized 

TCP powders in the suspension (LeBel & Goring 1962). DMSO solvent viscosity promotes low 

surface tension yielding small resistance forces to oppose particle sedimentation  Incorporating 

charged or long-chain polymer dispersants with higher viscosity minimize particle agglomeration and 

help minimize sedimentation in the ceramic suspension (Lange 1989; Lewis 2004).  

 

c 

 

 

Figure 8. Mass loss in TCP cuboid specimens with respect to build orientation after sintering. 

 

3.4 Summary of Key Findings 

  

 The authors evaluated dimensional shrinkage of sintered TCP cuboids printed using vat 

photopolymerization to determine if it is influenced by the part build orientation. This investigation 

concluded that: 

• Cuboids printed in the zy-plane (vertical orientation) exhibit statistically significant greater 

volume shrinkage values than the other two build orientations, possibly due to greater 

interlayer junctions prone to shrinkage during sintering. 

x-y plane (Flat)
x-z plane

(Edge)

z-y plane

(Vertical)

Green body 0.2974 0.3453 0.3202

Post-sintering 0.1600 0.1747 0.1682

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

M
a
ss

 (
g
)

↓46.20% 

↓49.42% ↓47.47% 

2335



 

11 

 

• In cuboids that were printed in the xy (flat) and yz-planes (edge), the side that is parallel to the 

build direction exhibit statistically significant greater shrinkage than the other two sides. This 

was not significant for parts printed in the zy-plane (vertical). 

• TCP mass loss in sintered cuboids does not demonstrate statistical agreement with build 

orientation.  

• TCP cuboid cross-sectional morphology possesses voids that limit full densification. 

• More consistent batch to batch processing is needed to reduce measurement variability in green 

and sintered parts. 

• Testing a wider range of ceramics with different material properties is necessary to validate the 

aforementioned phenomena. 

• Biocompatibility assessment of TCP and other bioceramics printed by VP should be 

investigated for tissue engineering applications. 

• Analyzing more microstructural properties such as crystalline order, structure, interlayer 

bonding, defects, and orientation of bioceramics materials printed by VP and how they change 

with respect to directional shrinkage is critical to making reproducible printed parts.   

 

4. Conclusion 

 

 In this work, three-dimensional β-tricalcium phosphate builds from photocurable suspension was 

demonstrated using a vat photopolymerization additive manufacturing process. Preliminary work on 

dimensional and volume shrinkage of scalene cuboids with respect to build orientation suggests 

orientations with greater build layers lead to greater shrinkage. Dimensional shrinkage results suggest 

that the dimension parallel to the build direction exhibits the greatest shrinkage compared to the other 

two sides. Findings from this paper warrant further investigation in ceramic particle process control to 

create more detailed models to compensate expected shrinkage behavior.  

 Understanding anisotropic shrinkage behavior in additively manufactured bioceramics has the 

potential to reliably create functional tissue engineering scaffolds with the ability to provide 

mechanical support and biological cues for tissue growth (Fig. 9).  

 

 
        

Figure 9. A sintered porous alumina bioceramic cylindrical scaffold under light microscopy. 30X 

Magnification 
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Improvement of suspension processing, printing and sintering are necessary to gain more reliable 

analysis of the ceramic structures. In future studies, particle sedimentation within the resin vat should 

be quantitatively measured to determine downstream effects on part strength and material 

homogeneity. An evaluation of the sintering process, specifically control across different sintering 

temperatures and rates are needed to give insight on affecting dimensional shrinkage, and whether it is 

influenced by build orientation. Computational physics-based modeling techniques should be 

employed in future studies to examine particle interactions at discrete levels, to simulate shrinkage 

across the part. At a machine level, the configuration of projected or scanned ultraviolet light source in 

the vat photopolymerization setup may influence build orientation selection among other design 

considerations outlined in our previous work (Lambert et al. 2013).  Vat Photopolymerization of 

bioceramics enables fabrication of high-resolution, biocompatible parts designed to potentially 

function as bone tissue scaffold models. This paper aims to provide a perspective using this Additive 

Manufacturing process and thermal post-processing conditions to assess and improve the final 

geometric fidelity of these class of three-dimensional materials. 
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