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𝑬𝒔
≅ 𝑩𝑬(𝟏 − 𝜱)

𝑪𝑬

𝝂𝒉𝒐𝒎 𝝂𝒔
≅ 𝑨𝝂 𝝂𝒔 + 𝑩𝝂 𝝂𝒔
× (𝟏 − 𝝓)𝑪𝝂(𝝂𝒔)

Micromechanical model

𝑪𝟏𝟏𝟏𝟏
𝒉𝒐𝒎 =

𝑬𝒉𝒐𝒎(𝟏 − 𝝂𝒉𝒐𝒎)

(𝟏 + 𝝂𝒉𝒐𝒎)(𝟏 − 𝟐𝝂𝒉𝒐𝒎)

𝐸ℎ𝑜𝑚… homogenized Young’s 

modulus

𝐸𝑠… Young’s modulus of a single 

crystal

𝜈ℎ𝑜𝑚… homogenized Poisson’s 

ratio

𝜈𝑠… Poisson’s ratio of a single 

crystal

𝐶1111
ℎ𝑜𝑚…normal stiffness component 

of the homogenized stiffness tensor

𝐵𝐸 , 𝐶𝐸 , 𝐴𝜈 , 𝐵𝜈 , 𝐶𝜈 as given in [4]
Nanoindentation

Minimizing the mean absolute error between the micromechanics-based

stiffness evaluated for different experimentally determined porosities

𝜙𝑖
𝑒𝑥𝑝

, and the corresponding experimentally determined stiffness values,

provides an estimate for the elastic properties of a single baghdadite

crystal,𝐸𝑠 and 𝜈𝑠:

 

𝒊

𝑪𝟏𝟏𝟏𝟏
𝒉𝒐𝒎 𝝓𝒊

𝒆𝒙𝒑
, 𝑬𝒔, 𝝂𝒔 − 𝑪𝟏𝟏𝟏𝟏

𝒆𝒙𝒑,𝒊
→ 𝒎𝒊𝒏

Typical load-displacement curve Distribution of all the 1750 measurements

The nanoindentation tests were

performed with a Berkovich tip with a

loading- unloading rate of 30 mN/min,

a holding time of 10 s, and four

different maximum loads: 10, 15, 20

and 30 mN. The 1750 measurements

were evaluated according to the

method of Oliver and Pharr [3].

Sample set  𝛟[%]  𝑪𝟏𝟏𝟏𝟏
𝒆𝒙𝒑

[GPa]

A 92 ± 1 0.98 ± 0.34

B 89 ± 2 1.99 ± 0.51

C 83 ± 2 3.97 ± 1.00

D 68± 2 15.16 ± 1.93

Mean value and standard deviation of the normal stiffness of 

baghdadite scaffolds obtained through ultrasonic testing, for 

the corresponding mean porosity of each sample group The normal stiffness increases with decreasing porosity.

Elastic properties of a baghdadite crystal

The minimization of the mean absolute error between the model-predicted and the 

experimentally determined stiffness delivered the elastic properties of pure (dense) 

baghdadite:𝐸𝑠= 126 GPa and 𝜈𝑠 = 0.29.

Bone tissue engineering aims at repairing damaged bone and restoring its functions with the

help of biocompatible materials cultivated with cells and corresponding growth factors [1].

Besides being osteoconductive and osteoinductive, the bone substitute or scaffold should exhibit

sufficient porosity for good vascular and tissue ingrowth, while not overly compromising the

overall mechanical properties of the implant, i.e. its stiffness and strength. The design process of

such scaffolds requires a multitude of in vitro and in vivo experiments and has proven to be a

challenging task, thus giving rise to the wish for rational, computer-aided design of biomaterials,

regarding not only biological and cell transport aspects, but also mechanics.

Highly porous baghdadite (Ca3ZrSi2O9) scaffolds have shown promising biological

responses when used for the repair of critical size defects in rabbit radial bones [2]. However, the

mechanical properties of these scaffolds require further investigation. Therefore, by using

structure-property relations derived from ultrasound and nanoindentation experiments,

and on the basis of theoretical and applied micromechanics, the current research aims at

applying the state-of-the-art methods in computational biomechanics and biomaterials to this

new material to investigate its elastic properties.

Validation of the elastic properties by statistical evaluation of the 

nanoindentation tests

The 1750 nanoindentation results were optimally

represented by the superposition of five Gaussian

distributions: four corresponding to damaged or

broken crystals, and the fifth corresponding to intact

crystals. The mean value of the latter is 𝐸𝑆
𝑁𝐼 = 124

GPa, which agrees almost perfectly with 𝐸𝑠 = 126 GPa

obtained from the micromechanical evaluation of the

ultrasonic tests.
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