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Abstract: Background: For the treatment of bone defects, biodegradable, compressive biomaterials 

are needed as replacements that degrade as the bone regenerates. The problem with existing mate-

rials has been either insufficient mechanical strength or excessive differences in elastic modulus, 

leading to stress shielding and eventual failure. In this study, the compressive strength of CPC ce-

ramics (with a layer thickness of more than 12 layers) was compared with sintered β-TCP ceramics. 

It was assumed that as the number of layers increased, the mechanical strength of 3D-printed scaf-

folds would increase toward the value of sintered ceramics. In addition, the influence of the needle 

inner diameter on the mechanical strength was investigated. Methods: Circular scaffolds with 20, 

25, 30, and 45 layers were 3D printed using a 3D bioplotter, solidified in a water-saturated atmos-

phere for 3 days, and then tested for compressive strength together with a β-TCP sintered ceramic 

using a Zwick universal testing machine. Results: The 3D-printed scaffolds had a compressive 

strength of 41.56 ± 7.12 MPa, which was signficantly higher than that of the sintered ceramic (24.16 

± 4.44 MPa). Conclusions: The 3D-printed scaffolds with round geometry reached or exceeded the 

upper limit of the compressive strength of cancellous bone toward substantia compacta.. In addi-

tion, CPC scaffolds exhibited more bone-like compressibility than the comparable β-TCP sintered 

ceramic demonstrating that the mechanical properties of CPC scaffolds are more similar to bone 

than sintered β-TCP ceramics. 

Keywords: Calciumphosphate cement, CPC, β-TCP, 3D printing, mechanical properties, sinter ce-

ramics  

 

1. Introduction 

Europe and the USA are in the midst of demographic change. The consequences are becoming 

more and more apparent every year [1,2]. In the EU, the average age continues to rise. One in five 

Europeans is already older than 65 [3]. In Germany, one in two is 45 and one in five is older than 66 

[4]. In the US, the average age is 38.1 and, according to a study by the U.N. [5], the average age forecast 

is 43.1 years in 2050. As a result, age-related diseases such as those affecting the musculoskeletal 

system are continuing to increase. For example, the implantation of a hip endoprosthesis is already 

the sixth most common surgical intervention in Germany [6]. With the increase in such surgeries, the 

demand for clinically approved bone replacement materials will also continue to grow. However, 

until now, many problems, e.g. with metallic implants, have been the unequal relationship of the 

elasticity moduli between bone and the metals used. This then results in so-called stress shielding 

(undesirable or too weak bone growth) [7]. An alternative are biodegradable biomaterials, whose 

support function decreases as the healing process progresses due to their eventual complete degra-

dation, which allows the support function of the bone to eventually take over [8]. In the past, biode-

gradable calcium phosphate ceramics in particular have stood out for these characteristics [9-11]. Es-

pecially because they have a similar composition to bone and can be degraded by the bone cells. 

However, in order for this degradation to function correctly it is necessary to have sufficient porosity 
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[12]. Both hydroxyapatite (HA) and beta tricalcium phosphate (β -TCP) are suitable for these appli-

cations. HA because it is the same material as in bone and β-TCP because it is also a calcium phos-

phate like HA but has better solubility [8]. However, there is still a big difference between CaP ce-

ramics and bone, particularly in the fracture elongation of bones which can be up to 1-2 % compared 

to ceramics which break at best at 0.1% [13]. Moreover, the compressive strength and Young´s mod-

ulus are in some cases (for ceramics) up to a factor of 10-foldgreater [14], which again raises the prob-

lem of stress shielding. Bone does not consist exclusively of HA, but of nano-crystalline HA platelets 

packed in collagen strands. Additionally bone adapts to mechanical loads according to Wolff's law 

and becomes stronger in stressed areas [15] and no biomaterial has so far can adapt to changing forces 

of bone.  

In addition to these issuesc ceramics partially shrink during the sintering process,  sometimes 

even up to 30% [16], which must be taken into account for a precisely fitting shape, e.g., for filling 

defects in the bone. It is easier to make the implants from a larger ceramic block directly on site in the 

operating room based on the bone defect. It also makes sense to use artificial substitute materials in 

view of an increasingly aging population, because if the limited availability of natural grafts. Addi-

tive manufacturing processes in particular have enormous potential, especially for individual patient 

care. For example, if bone material is missing after a fracture or after the removal due to infection, 

this individual lesion can be converted into a digital 3D construct (CAD) using clinical imaging tech-

niques (CT, MRI) [17]. This 3D model of the damaged bone can then be used to produce a bone sub-

stitute [18], e.g. by milling it from a sinter ceramic block (HA or β-TCP) or by 3D printing. This bone 

substitute can then be perfectly adapted to the individual case and can ensure mechanical stability 

and thus take over the function of the damaged bone during the healing period. Additive manufac-

turing also offers a great opportunity for patient-specific replacement. These replacements can be 

custom-made from calcium phosphate cement (CPC) using 3D printing [19]. This also has the ad-

vantage that it is a biodegradable ceramic, which can be broken down by the body. Ideally, once it 

has done its job and the bone has healed, it is completely degraded. This eliminates the need for a 

second surgery to remove the structure with all the associated risks. To enable even faster healing 

and new bone formation, additives such as growth factors and / or antibiotics [20-22] can also be 

incorporated into the cement. Commercially available CPC especially for injection at defect sites in 

the bone or for 3D printing do not set until they come into contact with water. For this purpose, an 

oil phase is usually dispersed, which escapes during the imaging reaction and can be absorbed by 

the body [23]. As with other cements, the setting reaction with water takes time [24]. During this 

period, the CPC scaffolds cannot be mechanically loaded. Importantly, printed CPC scaffold could 

serves as a support and guidance structure during the bone healing process. In addition, the surface 

of the printed CPC scaffold plays an important role in regeneration [25]. In this work, both systems:, 

namelysintered ceramics and 3D printed CPC scaffolds were to be compared with regard to their 

mechanical properties [21,26] to determine if 3D printed scaffolds exhibited similar mechanical prop-

erties to bone. To do this, we first focused on 3D printing more than 12 layers [27-29] so that we could 

produce comparably sized specimens. The working hypotheses were 1) as the number of layers in-

creased, the mechanical strength of the 3D printed CPC scaffolds would increase and 2) the internal 

needle diameter would influence the mechanical strength, which would better mimic the mechanical 

strength of the bone than what is possible with sintered ceramics. 

 

2. Materials and Methods 

2.1 Materials 

Conical printer needles with 0.2 (article No.: 561751MA) and 0.25 (article No.: 561751MA) mm 

inner diameters were purchased from VIEWEG GmbH (Kranzberg, Germany). The CPC paste for 

printing (20 mL, article No.: 087-020-PL) was purchased from Innotere (Radebeul, Germany). Phos-

phate buffered saline (PBS) (Thermo Fisher Scientific, Waltham, MA, USA) was purchased from Ther-

moFisher (article No.: 14190-094). 
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2.2 β-TCP Ceramics 

The β-TCP ceramics used in this work were produced according to our specifications by the 

Robert Mathys Foundation (RMS) [11,21,22,30]. Twenty grams of tricalcium phosphate (Art. No. 

102143, Merck, Switzerland) and 80 g of α-tricalcium phosphate (α-TCP; Ca3(PO4)2) were mixed with 

a 60.0 ± 0.2 g solution of 0.2 M Na2HPO4 and 1% polyacrylic acid (Art. No. 81132, Fluka, Switzerland; 

Mw = 5.1 kDa). The paste was stirred intensively for 2.5 min and then transferred to a plastic syringe. 

The plastic syringe was 70 mm long and had a diameter of 23 mm. After 45 minutes, the paste was 

covered with 10 ml of PBS (part no. P5368, Sigma, USA), pH 7.4, and incubated at a temperature of 

60°C for 3 days. The green bodies were then dried at the same temperature. Sintering was performed 

at 1250°C for 4 hours with a heating and cooling rate of 1°C/min. The ceramic cylindrical shaped 

bodies were then cut to a diameter of 7 mm and a length of 25 mm. In a final step, the ceramic scaffolds 

were washed in an ethanol bath and calcined at 900°C to burn away all abrasive particles and organic 

residues [31].  

2.3. Three-Dimensional Printing 

We used a 3D bioplotter (EnvisionTec, Gladbeck, Germany) with a low-temperature print head 

and conical needles made of polypropylene with inner diameters of 0.2 and 0.25 mm to print the 

round geometry we developed. The CPC paste used was made by Innotere GmbH (Innotere, 

Radebeul, Germany). It consisted of synthetic calcium and phosphate salts finely dispersed in a bio-

compatible oil phase of short-chain triglycerides (caprycil/capric triglycerides) together with two fur-

ther emulsifiers (polyoxyl-35-castor oil/cetyl phosphate). The triglycerides and the polyoxyl-35-castor 

oil (castor oil) were both based on pure vegetable raw materials [32]. 

2.3.1. Optimizing Printing Parameters 

The parameters are referred to as optimized if the printed strand width is similar in width to the 

inner needle diameter of the needle used. In the present case for an inner needle diameter of 0.20 mm, 

the desired strand width is 0.20 mm. The same then applies for an inner needle diameter of 0.25 mm. 

This is important so that the structure does not collapse. The geometry must therefore remain the 

same from layer to layer. To achieve this, the printing parameters must be varied. The printing pa-

rameters are: 

• the pressure [bar]. 

• the printing speed [mm/s] 

• the Needle Offset [mm]  

• the Post-Flow [s]  

• Pre-Flow [s]  

 

The 3D printing parameters determine the way the material is printed. They have a special in-

fluence on the width of the printed strands. Thus, the first task is to determine the optimal printing 

parameters. In a previous work, these printing parameters were determined using the "Parameter 

Tuning" of the "Visual Machines" software [28]. For this purpose, several lines were printed where 

pressure and speed were varied. However, it was found that the measured widths depended on the 

printed shape (e.g. circle) and did not correspond in comparison to the printed line using the "Param-

eter Tuning" function. That is, the printed shapes also play a role in the actual printed strand width. 

So, to find the optimal printing parameters for the CAD model (see Fig. 1), single layer samples of 

the CAD model were printed, varying the printing parameters. The pre-flow was kept at 0.15 s. The 

scaffolds were printed with conical needles (Vieweg GmbH, Kranzberg, Germany) with a diameter 

of 0.20 (Art. No.: 501611) and 0.25 mm (Art. No.: 501610). 
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(a) (b) 

Figure 1: CAD model used for 3D printing; all values in [mm]; a) 3D model; b) model with dimensions 

2.3.2. Printing the round Geometries with more than 12 layers 

In previous works [33,34], cube-shaped geometries were printed using patterns from the Visual 

Machines software (EnvisionTec, Gladbeck, Germany). In one of our previous works [28] round 

structures with a layer rotation of 1° showed good results regarding mechanical strength, but was 

limited to 12 layers. In addition, there were printing errors such as delamination of the layers. The 

CPC paste itself probably caused this problem. This is because the CPC paste is not solid after print-

ing, which means that the printed strands are not stable and are deformed by their own weight. To 

counteract this, water was sprayed onto the green body after a defined number of printed layers to 

add strength to the structure. A preliminary test was conducted to determine when the water needed 

to be sprayed onto the green bodies and how much time was needed after that for the structure to be 

sufficiently strong for additional layers. Water was sprayed onto the green bodies every 7 layers for 

the printed samples with an needle of 0.20 mm inner diameter and every 5 layers for those with an 

inner diameter of 0.25 mm (see Table 1). The scaffolds were set for 3 days at 37 °C according to Ak-

kineni et al [35] in an incubator in a water-saturated atmosphere. After this time, half of the printed 

scaffolds were additionally incubated in Phosphate Buffered Saline (PBS) for 1 week with daily 

changes of the PBS. 
 

Table 1. 3D printing parameters used. 

Sample Pressure [bar] 
Printing 

speed [mm/s] 

Needle offset 

[mm] 
Post flow [s] 

Water applied 

after layer 

020_20layers 1.0 4.5 0.16 0.0 7 

020_25layers 1.0 4.5 0.16 0.0 7 

020_30layers 1.0 4.0 0.16 0.0 7 

020_45layers 1.0 4.0 0.16 0.0 7 

025_20layers 0.9 5.2 0.22 -0.05 5 

025_25layers 0.8 4.5 0.22 -0.05 5 

025_30layers 0.9 4.3 0.22 -0.05 5 

025_45layers 0.9 5.3 0.22 -0.05 5 

* 020 = 0.20 mm; 025 = 0.25 mm inner diameter of the needle used 

2.4. Characterization of the Scaffolds: 3D printed and sintered 

The dimensions of all scaffolds (3D printed and sintered) were measured with a digital caliper 

(Burg-Wächter, Wetter-Volmarstein, Germany). The surface roughness (center roughness) was char-

acterized by 3D laser scanning microscopy (Keyence VK-X 200; Keyence, Osaka, Japan) at 200x and 

400x magnification. For phase composition analysis a XRD (Bruker D8 Advance, Bruker Corp., Biller-

ica, MA, USA) and ESEM (FEI Quanta 250 FEG, FEI, Hilsboro, OR, USA) with EDX unit (Oxford 

Instruments, Abingdon, UK) were used. The measuring conditions of ESEM were 20 kV acceleration 
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voltage, 115 Pa pressure and for EDX 10 kV, 5 min counting time (lifetime) and area scan. The meas-

uring conditions of Bruker D8 Advance were: Bragg-Brentano geometry, equipped with Cu anode 

and secondary graphite monochromator, scintillation counter, 40 kV/40 mA, 1°2theta/min, step size 

0.02°2theta. The followed Rietveld refinement analysis of the XRD data was performed by using 

profex 4.3 (freeware, www.profex-xrd.org). The porosity of the β-TCP scaffolds was measured by 

mercury porosimetry Porotec 140/440 (Porotec GmbH, Hofheim, Germany). The overall porosity of 

the 3D-printed scaffolds was determined using image analysis with Gimp 2.10.34 (open source image 

editor, gimp.org). The mechanical strength, compression modulus and maximum failure load of the 

different scaffolds were determined using a Zwick Z005 universal testing machine (Zwick/Roell, 

Ulm, Germany). For this purpose, a compression test was performed with a preload of 1 N applied 

to the scaffolds, and the maximum failure load was determined at a traverse speed of 1 mm/s in a 

displacement-controlled manner. 

2.5. Statistics 

All results are expressed as means ± standard deviations. Measured values were analyzed using 

one-way analysis of variance (ANOVA) with a significance level of p < 0.05. Origin 2022 Professional 

SR1 (OriginLab, Northampton, MA, USA) was used for all statistical analyses. 

3. Results 

3.1. Characterization of the Scaffolds 

3.1.1. Dimensions 

The results of the dimensions of the printed or sintered scaffolds, which were measured with 

the aid of a caliper gauge, are shown in Table 2. The scaffolds printed with 0.20 and 0.25 mm needles 

had a diameter of 10.5 ± 0.10 mm. The height varies (depending on the number of layers) from 3.4 to 

9.5 ± 0.10 mm. No difference in height was observed between samples incubated for one week in PBS 

and the samples without (please see Table 2 and Figure 2).  

Table 2. Comparison of dimensions of the scaffolds (3D printed and sintered). 

Scaffold Height [mm]  Diameter [mm] 

020_20layer 3.4 10.5 

020_20layer+PBS 3.4 10.5 

020_25layer 4.3 10.5 

020_25layer+PBS 4.3 10.5 

020_30layer 5.0 10.5 

020_30layer+PBS 5.0 10.5 

020_45layer 7.5 10.5 

020_45layer+PBS 7.5 10.5 

025_20layer 4.4 10.5 

025_20layer+PBS 4.4 10.5 

025_25layer 5.3 10.5 

025_25layer+PBS 5.3 10.5 

025_30layer 6.4 10.5 

025_30layer+PBS 6.4 10.5 

025_45layer 9.5 10.5 

025_45layer+PBS 9.5 10.5 

Sinter ceramics 7 7 

020=0.20 and 025=0.25 mm; +PBS = incubation in PBS for 1 week after 3 days in water saturated atmosphere  
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(i) (k) 

Figure 2: Top (left row) and side view (right row) of the scaffolds used; a and b: 20 layers; c and d: 25 layers; e 

and f: 30 layers; g and h: 45 layers and i and k: sinter ceramics 

 

3.1.2. Strand width and Surface roughness (Sa) 

The strand widths were measured by comparing scaffolds with and without post-consolidation 

in PBS. For the scaffolds printed with a 0.20 mm needle, the minimum strand width was 267.26 ± 

31.83 μm (20 layers) and the maximum was 369.83 ± 32.16 μm (30 layers). There was no significant 

difference in strand width between the samples with and without PBS post-consolidation. For the 

scaffolds printed with 0.25 mm needles, the maximum was 475.50 ± 52.98 μm (20 layers) and the 

minimum was 331.95 ± 26.12 μm (45 layers). Just as for the scaffolds printed with 0.2 mm needles, no 

significant difference was found between with and without post-consolidation in PBS for the scaf-

folds printed with 0.25 mm needles. In general, however, all strand widths are larger than the inner 

needle diameters of 0.2 mm and 0.25 mm, respectively (pls see Figure 3). 

The values of the measured surface roughness Sa for the scaffolds printed with 0.20 mm needles 

ranged from 4.42 ± 1.79 μm to 7.16 ± 1.76 μm. The samples with incubation in PBS showed a rougher 

surface. The surface roughness Sa measurements for the scaffolds printed with 0.25 mm needles 

showed mean values ranging from 4.15 ± 0.97 μm to 6.17 ± 1.55 μm. A comparison is shown in Figure 

3. 
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(c) (d) 

Figure 3: Overview of resulting strand width and surface roughness Sa by using a needle with a, b: 0,20 mm; c, 

d: 0,25 mm inner diameter  

 

3.1.3. Phase composition (EDX and XRD) 

In the EDX investigation, a calcium phosphate ratio of 1.53 was determined for the sintered ce-

ramic. This means that it is most likely β-TCP [8]. The additional XRD examination (compared to the 

β-TCP standard; and following Rietveld refinement analysis) confirmed this hypothesis (99.5 % β-

TCP and traces of CPP). Additional ESEM images of the 3D printed scaffolds and sinter ceramics 

were shown in supplement Figure A1. Phase composition analysis of the 3D printed scaffolds by XRD 

with subsequent Rietveld refinement analysis revealed a composition of 9% calcium-deficient hy-

droxyapatite (CDHA), 46% hydroxyapatite (HA), 27% α-TCP and 18% dicalcium phosphate (DCPA). 

The XRD pattern of the scaffolds used are summarized in Figure 4. The Rietveld refinements analyses 

can be found in Figure A2 in appendix. 
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(c)  

Figure 4: Elemental analysis and phase composition of the β-TCP sinter ceramics; a: EDX spectrum; b: XRD 

pattern in comparison to the β-TCP standard and c: XRD pattern of the CPC after setting in water-saturated 

atmosphere for 3d. The EDX spectrum was taken with Oxford EDX unit for 5 min at area scan mode, lifetime. 

The XRD pattern were taken by Bruker D8 Advance; measurement conditions: 40 kV/40 mA, 1°2theta/min, 

step size 0.02°2theta. 

 

3.1.4. Porosity  

Our β-TCP ceramics had pore sizes in the range of 1-5 µm (orange bars in Figure 5a) and were very 

porous (see also the ESEM images in the appendix). The (weighted) pore size distribution was deter-

mined with the mercury porosimeters Pascal 140 and 440 and summarized in the following diagram 

in Figure 5 (purple curve Pascal 140, red curve Pascal 440). The average pore diameter was 4.2 ± 0.6 

µm. The total porosity was determined with a value of 41.7 ± 2.1 %. The total porosity of the 3D 

printed scaffolds determined via image analysis was 38.8 ± 2.7 %. No significant difference could be 

observed (see Figure 5b). 
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(a) (b) 
Figure 5: a: Pore size distribution of the β-TCP ceramics; determined using Pascal 140 (purple) and 440 (blue 

curve) mercury porosimeter; b: Boxplot of Porosity β-TCP vs CPC with no significant difference.  

 

3.1.5 Mechanical properties 

The compressive strength values of the 3D-printed scaffolds ranged from 14.97 ± 1.08 MPa as mini-

mum to 41.6 ± 7.12 MPa as maximum. With few exceptions, there was no difference in compressive 

strength with post-incubation or no post-incubation in PBS. There was no significant difference in the 

compressive strength values of the sintered β-TCP ceramics between native or incubation in PBS. The 

compressive strength of the sintered β-TCP ceramics was 24.16 ± 4.44 MPa, which was within the 

compressive strength range of the 3D-printed scaffolds and comparable to the values of the 3D-

printed scaffolds with 20 and 25 layers (0.20 mm needle i.d.) with incubation in PBS and the scaffolds 

with 20, 25 and 30 layers (0.25 mm needle i.d.). Looking at the areas underlying the compressive 

strength of the 3D printed scaffolds as well as the β-TCP ceramic, both had similar overall porosities 

except that the pores were more contiguous in the 3D printed scaffold than in the β-TCP ceramic. 

Figure 6 shows an overview of the different compressive strengths for sintered ceramic and 3D 

printed scaffolds. Table 3 shows the summary of the compressive moduli for the 3D printed and 

sintered scaffolds. There were no significant differences between the samples post-cured in PBS and 

the samples not post-cured. However, a trend can be seen in the samples incubated in PBS that the 

compression modulus increases as the layers increase, and also that the compression modulus for the 

sintered ceramics is significantly higher than for the 3D printed scaffolds. 
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(c)  

Figure 6: Comparison of compressive strength for 3D printed scaffolds regarding needle inner diameter a: 0.20 

mm; b: 0.25 mm as well as c: sinter ceramics; with *p<0.05. 

 

Table 1: Overview of Compression moduli for 3D printed and sintered scaffolds 

 Compression Modulus [MPa] 

Number of Layers 0.20 mm needle inner diameter 0.25 mm needle inner diameter 

PBS No PBS PBS No PBS 

20 5.65 ± 1.19 6.62 ± 0.89  7.87 ± 1.32 6.57 ± 1.93 

25 7.46 ± 1.15 5.82 ± 1.25 9.47 ± 2.60 6.06 ± 1.81 

30 9.72 ± 0.64 10.75 ± 0.81 8.47 ± 0.99 4.94 ± 1.94 

45 10.13 ± 2.54 7.67 ± 0.79 13.42 ± 1.74 9.42 ± 2.84 

 

β-TCP Ceramics PBS No PBS 

 50.9 ± 3.81 51.92 ± 4.13 

* with p<0.05 there were no significant differences between the PBS/no PBS groups 
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4. Discussion 

4.1.Strand Width and Surface Roughness Sa 

The characterization of the samples with respect to the strand widths did not show any signifi-

cant difference whether post-consolidation in PBS was performed after printing or not. This is due to 

the fact that water was sprayed every 5-7 layers during 3D printing for intermediate consolidation of 

the green bodies in order to prevent the samples from slumping. In the work of Blankenburg et al 

[28], only 12 layers of maximum higher could be achieved before printing defects such as delamina-

tion occurred. By spraying with water, beyond 12 layers could be printed. For time reasons, we lim-

ited ourselves to 45 layers because after spraying with water we waited 30 seconds before resuming 

the printing process. The fact that the strand widths were larger than the inner diameter of the needles 

is not surprising. This was due to the 3D plotting process, in which an overlay of the strands of 10-

20% is to be achieved for maximum strength of the construct. Raymond et al [36] described a similar 

3D plotting with 10% overlapping strands. As in Blankenburg et al [28], there was no significant 

difference in the surface roughness of the scaffolds regardless of whether the samples were incubated 

in PBS or not. There was also no significant difference in surface roughness between the two needles 

with 200 and 250 µm inner diameter. 

 

4.2.Elemental Analysis EDX and XRD and microstructure by ESEM 

Elemental analysis by EDX (Ca/P ratio 1.53) and XRD (Rietveld refinement with profex 4.3) 

yielded 99% β-TCP, as in similar studies by our group followed by Rietveld refinement analysis. We 

have already performed similar verifications for the sinter ceramics in the past [21,37,38]. The 

Rietveld refinement analysis of the 3D printed scaffolds resulted in a main phase of HA about 46%; 

27% α-TCP, 18% DCPA and 9% CDHA. Fathi et al [39] also describe the formation of a CDHA phase 

after their CPC for soaking for a week in water. Our ESEM images showed similar fractured surfaces 

as described by Fathi et al [39]. The microstructure of the β-TCP is comparable with the previous 

published one by Mayr et al. [40] or Bohner et al [11]. 

 

4.3.Mechanical Properties 

The compressive strength of the 3D-printed scaffolds increased with the number of layers for the 

scaffolds printed with an inner needle diameter of 0.20 mm to a maximum value of 35.86 ± 3.56 MPa 

at 30 layers. For the scaffolds printed with an inside needle diameter of 0.25 mm, the compressive 

strength decreases from 41.56 ± 7.12 MPa to 23.12 ± 1.71 MPa as the number of layers increased. From 

the preliminary tests and previous work [28], it was found that 3D printing with a larger inner needle 

diameter also increased the compressive strength. Looking at the results in Figure 6 for the 20 layers 

only, this assumption is correct. The compressive strength of the 20-layer scaffolds printed with 0.25 

mm was 39.1 ± 2.3% higher than that of the scaffolds printed with 0.20 mm. Our working hypothesis 

was that, in addition, with increasing number of layers, an increase in compressive strength would 

also be expected. Incubation in PBS led to a doubling of the compressive strength in the previous 

work [28], so we also incubated in PBS in this work. The increase in compressive strength was only 

noticeable in the scaffolds printed with 0.25 mm needle inner diameter with 27.9 ± 7.9%. Only two of 

four scaffolds showed an increase in compressive strength when printed with 0.20 mm inner diame-

ter needle. The reason for the deviation in compressive strength in terms of the number of layers is 

the formation of micro-cracks due to wetting with water during 3D printing. In addition, the bond 

between the wetted layers and the subsequent printed layer was not as strong as the bond between 

the non-wetted layers.  

Nevertheless, the 3D-printed scaffolds were more compressive than the microporous β-TCP sin-

tered ceramics, with a compressive strength of 24.16 ± 4.44 MPa. Similar values have already been 

determined in previous studies [21,30,40]. Miyamoto et al [41] achieved a compressive strength of 4-
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10 MPa with their CPC scaffolds. Li et al. [42] also used round geometries but unfortunately they did 

not perform mechanical tests. And Raymond et al [36] only achieved values of 1-6 MPa with their 3D 

printed CPC scaffolds depending on geometry. Similarly, Wu et al. [43] reached a compressive 

strength of 3.57 ± 0.12 MPa with their 3D printed calcium silicate scaffolds. However, one must con-

sidering that the bone tissue for which the scaffolds are intended as a substitute during healing, com-

pressive strength values (in the upper range) of cancellous bone, whose values are 6-45 MPa and 80-

150 MPa for compacta, respectively [44]. Based on the work of other authors such as Olszta et al. [45], 

our 3D-printed scaffolds achieved values sslightly above the cancellous bone (2-20 MPa) and in the 

range between cancellous and compact bone [46].  

Looking at compressibility (since we were limited to compression testing due to the scaffold 

geometry) rather than fracture elongation, the 3D printed scaffolds were able to compress by 4-5% 

before total failure occurred (without first breaking out parts erupted from the scaffolds), whereas 

the β-TCP scaffolds broke only by 0.05–0.1%. This is also reflected in the much lower compressive 

modulus values in Table 3. Thus, at least in terms of fracture elongation and compressibility, the 3D 

printed scaffolds are in the range of bone [13].  

 

4.4. Novelty character and limitations of the present study 

Previous 3D printing experiments were limited to 12 layers [27,28] because otherwise the green body 

would deform under its own weight, which led to printing errors such as stringing, oozing or layer 

separation when printing above 12 layers. Wu et al [47] only studied CPC scaffolds at 2 mm height. 

By spraying during printing after 5-7 layers it was possible to prevent the CPC from collapsing. This 

shows that future CPC scaffolds can be 3D-printed as bone substitute material in any height using 

the described technique. The limitation of this technique lies in the time factor. 3D printing six scaf-

folds at the same time takes 1 min per layer and, with the breaks for spraying, this results in a pure 

printing time of 49 min for spraying after 5 layers and 48 min for spraying after 7 layers  Of course, 

this problem could be circumvented by using a different CPC. However, slow-setting CPCs have not 

yet been described for 3D printing in the literature. This would also cause another problem: the print-

ing parameters would vary over time as the setting process begins, and the results would no longer 

be reproducible. 

 

5. Conclusions 

In this work we wanted to compensate for the disadvantages of sintered β-TCP ceramics, namely 

the fracture elongation through 3D printing of comparable (external) geometries. We showed 

thatCPC's 3D printing could be improved so that more layers (above 12) can be printed. Thus, by 

spraying with water, we were able to print significantly more layers than in previous work [28]. This 

prevented the green body from collapsing under its own weight during 3D printing. The surface 

roughness was in a similar range and did not differ significantly from the conical printer wires used. 

While post-curing in PBS did not lead to a significant increase in compressive strength as in previous 

work [28],importantly, thanks to the 3D printing geometry, we were able to double the compressive 

strength compared to sintered ceramics to achieve values similar to compact bone. Since we were 

limited to a compression test with our scaffolds, we could not measure fracture elongation, but the 

compressibility of the scaffolds. The 3D printed scaffolds could be compressed by 4-6% to failure, 

whereas the β-TCP scaffolds failed by 0.05-0.1%. Thus, the mechanical properties of 3D printed CPC 

scaffolds are more similar to bone than sintered β-TCP ceramics and could be used for bone regener-

ation of various bone defects where a supportive function is required during the bone healing. 
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Appendix 

  

(a) (b) 

  
(c) (d) 

Figure A 1: ESEM images of the a, b: 3D printed scaffolds; c,d: sinter ceramics 
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(a) 

 

(b) 

Figure A 2: Rietveld Refinement Analysis of the XRD Pattern of a: β-TCP ceramics; b: CPC (after 3d in water 

saturated atmosphere); Pattern recorded by Bruker D8 advance with Cu Kα x-ray source 
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(c)  

Figure A 3: Maximum Failure Load for scaffolds, 3D printed with a: 0.20 mm needle inner diameter; b: 0.25 

mm needle inner diameter and c: β-TCP sinter ceramics scaffolds 
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