
113data was performed. Details of experimental method 

and specimen can be found in Horny et al. [6]. Briefly 

we resume basic facts. Male 54–year–old sample of 

thoracic aorta underwent inflation test under constant 

axial stretch. The tubular sample was 6 times pres-

surized in the range 0kPa–18kPa–0kPa under axial 

pre–stretch  λz=1.3 and 3 times in the pressure range 

0kPa–20kPa–0kPa under λz=1.42, respectively. The 

opening angle was measured in order to account resi-

dual strains. Radial displacements were photographed 

and evaluated by image analysis. 

Regression analysis based on least square method 

gave the estimations for material parameters μ, Jm 

and β. The vessel was modeled as thick–walled tube 

with residual strains. The material was supposed to 

be hyperelastic and incompressible. No shear strains 

were considered. Fitting of material model was based 

on comparison of model predicted and measured 

values of internal pressure. Results are illustrated in 

FIG. 2. We can conclude that proposed material model 

fits experimental data successfully. Thus strain energy 

given in (2) is suitable to govern arterial response 

during its inflation and extension. Estimated values of 

parameters for material model (2) are as follows: 

μ =26kPa; Jm=1.044; β=37.2°.
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Abstract

The aim of this investigation is to establish an 

improved non-destructive ultrasonic through-trans-

mission technique to monitor the setting behaviour of 

calcium phosphate cement samples.

On the basis of ultrasound techniques the elastic 

properties of cement paste after different soaking time 

in Ringer´s solution were measured. Young’s modulus, 

the rigidity modulus, and Poisson’s ratio were calcu-

lated from measurements of density and ultrasonic 

longitudinal and shear wave velocities. 

Keywords: calcium phosphate cement, elastic pro-

perties, injectability, ultrasonic method
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Introduction

Calcium-phosphate based ceramics (such as hydroxya-

patite) are promising materials for orthopedic and dental 

surgery. They closely resemble the mineral phase of the 

bone extracellular matrix, so they are expected to be os-

teoinductive and osteoconductive, promoting regeneration 

of the damaged bone tissue [1-2]. A calcium phosphate 

cement (CPC) was developed with the advantage of being 

moldable (the CPC paste intimately adapts to the bone 

cavity) and capable of in situ setting to form hydroxya-

patite [3]. The ability of  obtaining  biologic apatite under 

physiologic conditions (in an aqueous environment at body 

temperature), opening a new strategy to traditional ceramic 

sintered at high temperatures, is one of the most important 

factors in the creation of a new class of bone substitute 

implants. Calcium phosphate cements generally consist of 

a powder and an aqueous liquid which are mixed to form a 

paste. The paste is placed into a defect as a substitute for 

the damaged part of the bone. Most conventional CPC are 

mixed with an aqueous solution immediately before appli-

cation. In the clinical situation, the ability of the surgeon to 

properly mix the cement and then place the cement paste 

into the defect within the prescribed time is a crucial fac-

tor in achieving optimum results. Therefore, it is desirable 
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114 to develop injectable premixed CPC in which the paste is 

prepared in advance under well-controlled conditions [4-5]. 

The properties of cementitious materials are changing from 

a suspension to a solid during the setting process. Many 

different test methods are used today to characterize in-

jectable cements and set cement materials for biomedical 

applications [6-8]. In the present project, we have applied 

the through-transmission technique to characterize the me-

chanical properties of injectable calcium phosphate cement, 

which were placed in Ringer’s solution for different days.  

A strong advantage with the proposed technique is that it is 

non-invasive and non-destructive. The changes occurring 

in the cement samples after being soaked in the Ringer’s 

solution can be systematically investigated (starting from 

initial paste to the final set cement). 

Materials and methods

The R cement was prepared as a mixture of two 

powders: CSPP (calcium potassium sodium phosphate; 

Ca2KNa(PO4)2 and MCPM (monocalcium phosphate mono-

hydrate; Ca(H2PO4)2•H2O. As a liquid phase we have used 

a mixture of glycerol and polyethylene glycol (PEG). Glyc-

erol was selected as a liquid phase because it is nontoxic, 

biocompatible and is also water-miscible. When CPC-glyc-

erol paste is immersed in water, there is a glycerol-water 

exchange, resulting in cement hardening [3]. Therefore 

this water-free paste should harden only when exposed to 

an aqueous environment. Polyethylene glycol was chosen 

because it improved the cohesion and the injectable proper-

ties of the paste [4].

The liquid phase (glycerol mixed with polyethylene gly-

col) and the R cement powder were mixed in a mortar to 

obtain a water-free paste with workable consistency, using 

a liquid/powder ratio of 0.46ml/g and then placed into the 

syringe. Then the paste was filled into a mold of 6mm in di-

ameter and 12mm high and incubated in a Ringer’s solution 

at 37°C. After 1,3,4,5,7,8,11,12 and 14 day’s of immersion, 

the samples were quenched in acetone and dried to stop the 

reaction. On the basis of ultrasound techniques the elastic 

properties of cement paste (such as Young’s modulus, the 

Poisson’s ratio of the material and modulus of rigidity) after 

different soaking time in Ringer’s solution were measured. 

The ultrasonic measurements were performed using 

a through-transmission technique. One of the most im-

portant parameters for assessing the hardened state and 

other material parameters is the ultrasonic velocity, which 

can be derived from the travel time of the wave following 

transmission through the material. For velocity v, the well-

known equation v=s/t applies in general with travel time t 

and travel path s (dimensions of material) [10]. The time of 

transmission depends on many variables, such as type of 

material, compactness, microstructure (iso- or anisotropy), 

elasticity constant values, pore size and shape, total po-

rosity, pore distribution, density and geometry of material 

(dimensions). 

We recorded the transmission time through an area of 

know thickness (samples dimensions) with both longitu-

dinal wave and shear wave traducers, and then we used 

the fallowing equation to calculate the Poisson’s ratio (µ). 

If the density of material is known the modulus are also 

available.

V L
2 – 2V T
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2(V L2 – 2V T 2)
µ =
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2

2(V L2 – 2V T 2)
µ =

A longitudinal wave (VL) and a perpendicular wave (VT) 

propagates in a solid with a velocity:

E  (1  – µ)

(1+µ) (1 -2µ)
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E  (1  – µ)

(1+µ) (1 -2µ)
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 where E is the Young’s modulus, G modulus of rigidity, 

r the mass density.

Measurements of the propagation velocity of longitudinal 

ultrasonic vibrations were done using both the Polish equip-

ment MT-541 (UNIPAN) at the frequency f=0.5MHz and to 

measure the propagation velocity of shear ultrasonic wave 

we used UZP1 (INCO-VERITAS) with probes for f=4MHz. 

In these apparatus one head emits the ultrasonic wave 

while the other one is a receiver, collecting the wave after 

transmission through the materials (FIG. 1). The mean ve-

locities were obtained by averaging the three independent 

measurements. 

Measurements of the longitudinal waves velocity were 

made along the sample height and diameter. The shear 

wave velocity has been measured only along the diameter 

of the samples. The porosity of the cement samples were 

measured by a mercury intrusion technique. XRD was 

used to determine the crystalline phase after setting and to 

find out if a conversion to calcium deficient hydroxyapatite 

(CDHA) took place or if remains of a starting material were 

present. The XRD patterns were recorded with a powder 

X-ray diffractometer. 

Results 

The apparent densities of the samples after different days 

of immersion in Ringer’s solution were calculated (FIG. 2). 

The apparent density of R-cement materials was ranging 

between 1.40 and 1.07g/cm3. The highest values of the 

density (about 1.40g/cm3) were measured after one day of 

immersion in Ringer’s solution.  

r

G
V
T
=

FIG. 1. Ultrasonic de-
vice for measuring the 
propagation velocity 
of the shear ultrasonic 
wave UZP-1 (INCO-VE-

RITAS).

FIG. 2. Densities of the investigated R - cement 
materials after different soaking times in Ringer’s 

solution.



115The anisotropy measu-
rements ware performed 
using MT-541 equipment at 
the frequency of f=0.5MHz. 
This anisotropy is defined 
as: A=VL(a) / VL(b), where 
VL(a)  and VL(b) are wave 
velocities along the sample 
length and diameter, re-
spectively. A significant ani-
sotropy of the wave velocity 
(about 13%) was found in 
the samples after 3 and 
14 days of immersion in 
Ringer’s solution (TABLE 1). 

 After more than 3 days of 
soaking the samples beco-
me isotropic. 

The highest values of longitudinal wave velocity were 

measured along the diameter of the cement cylinders. As 

seen in FIG. 3, the ultrasonic velocity decreases with the im-

mersion time. The highest values of the wave velocity were 

observed in the first day of immersion. 7 days of soaking 

effectively decrease the ultrasonic wave propagation veloc-

ity in R-cement materials. We can observed a decrease of 

19% after measurement made along the samples length 

(a) and 22% along the samples diameter (b). Further im-

mersion (8 days) resulted in slight wave velocity increase 

and then the velocity slowly decreased after more days of 

immersion, probably due to the degradation process. The 

changes in the propagation velocity of the shear ultrasonic 

wave along the diameter of the cement cylinders are similar 

to the changes of longitudinal wave velocity.  

The material constants: Young’s modulus (E) and modu-

lus of rigidity (G) determined basing upon the ultrasonic 

investigations are presented in FIG. 4. The E and G values 

Immersion 
time [days]

Anisotropy [%]

1 10.1

3 12.9

4 5.3

5 3.3

7 6.3

8 6.2

11 3.5

12 8.2

14 13.4

TABLE 1. Anisotropy 
of the cement samples 
after different days of 
immersion in Ringer’s 

solution.

FIG. 3. Longitudinal and transverse ultrasonic wave velocity (a) along the sample length; (b) along the sample 

diameter after different soaking times in Ringer’s solution.

FIG. 4. Material constants: E, Young modulus; G, modulus of rigidity: (a) along the sample length; (b) along 

the sample diameter.

FIG. 5. Poisson’s ratio of the investigated R- ce-
ment materials after different soaking times in 

Ringer’s solution.

FIG. 6. Porosity of the R cement/glycerol/PEG 
samples after different incubation times in 

Ringer’s. 



116 obtained for the R-cement materials after 7 days of soak-

ing in Ringer’s solution were about 50% lower than at the 

beginning of the experiment. The cement materials after 

an immersion time of 14 days exhibit Young’s modulus 

values of 3.43±0.45GPa while their modulus of rigidity is 

1.48±0.08GPa. The changes in the E, G values are similar 

to those obtained for longitudinal and share ultrasonic wave 

velocity. The changes in the Poisson’s ratio do not provide 

any special information (FIG. 5) and its average value is 

about 0,2.

The porosity values versus immersion time in Ringer’s 

solution is presented in figure 6. Porosity gradually increases 

due to the degradation when the samples are immersed in 

Ringer’s solution. R–cement materials presented a total 

porosity of 55% after 7 days of immersion in Ringer’s solu-

tion.

FIGURE 7 shows the patterns of X-ray diffraction of the 

sample R cement/glycerol/PEG after 1, 3, 7 and 14 days 

of immersion in Ringer’s solution. After 1 day of immersion 

characteristic peaks of CSPP were present. After 7 days 

CSPP’s peaks disappeared, meaning that the R cement 

had totally converted into calcium deficient hydroxyapatite 

(CDHA). 

Discussions

The injection properties of R cement can be improved by 

substituting the liquid phase with glycerol. When the paste 

was immersed in Ringer’s solution, there was a glycerol-

to-water exchange, resulting in cement hardening. The ce-

ment setting is the result of a dissolution and precipitation 

process, and the entanglement of the precipitated crystals 

is responsible for cement hardening [11]. The set samples 

consisted of calcium deficient hydroxyapatite (CDHA), as 

determined by X-Ray diffraction, where no compositional 

change was produced by the polymer (PEG) addition. After 

seven days of immersion in Ringer’s solution, R cements 

samples were totally converted to CDHA, therefore the elas-

tic properties of the R-cement after these time of immersion 

started slowly to increase and than again to decrease due 

to the degradation process.

Conclusions

The ultrasonic device presented in this article is able to 

extract certain parameters of ultrasonic waves recorded 

during the setting and hardening of R–cement paste materi-

als. With improved sensitivity, the ultrasonic measurement 

is able to monitor processes inside the cement paste. It 

is practicable to measure elastic properties of the cement 

samples by using ultrasonic technique. 
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