
HAL Id: hal-03495199
https://hal.science/hal-03495199

Submitted on 2 Jun 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Ultrasonic transmission through small tubes such as rat
tibias for axial Young’s modulus estimation: Discussion

and recommendations
Didier Laux, Eric Rondet, Joel Grabulos, Rémi Dore, Léa Ollier, Anne

Virsolvy, Denis Mariano-Goulart, Laurent Maïmoun

To cite this version:
Didier Laux, Eric Rondet, Joel Grabulos, Rémi Dore, Léa Ollier, et al.. Ultrasonic transmission
through small tubes such as rat tibias for axial Young’s modulus estimation: Discussion and rec-
ommendations. Applied Acoustics, 2022, 188, pp.108573. �10.1016/j.apacoust.2021.108573�. �hal-
03495199�

https://hal.science/hal-03495199
https://hal.archives-ouvertes.fr


 

 

 

Ultrasonic transmission through small tubes such as rat tibias for axial Young’s 

modulus estimation: Discussion and recommendations 

Didier Laux a,b,, Eric Rondet c, Joel Grabulos c, Rémi Dore a,b, Léa Ollier c, Anne Virsolvy d, 

Denis Mariano-Goulart e, Laurent Maimoun e 

a Université de Montpellier, IES, UMR 5214, F-34000 Montpellier, France b 

CNRS, IES, UMR 5214, F-34000 Montpellier, France 
c QualiSud, Université de Montpellier, Avignon Université, CIRAD, Institut Agro, IRD, Université de la Réunion, Montpellier, France d 

Université de Montpellier. PhyMedExp. INSERM U1046. CNRS UMR 9214, France e Université de Montpellier. Service de Médecine 

Nucléaire, PhyMedExp. INSERM U1046. CNRS UMR 9214, France 

 

 

Abstract : In the framework of in vitro osteoporosis investigation with ultrasound on rat model, we propose a study of axisymmetric modes guided in small 

cylindrical structures such as rat tibias. The main objective is to analyze how an ultrasonic pulse (with a frequency close to the MHz) transmitted through the 

cortical bone diaphysis can be used to obtain a rapid estimation of the axial Young’s modulus. Thanks to a numerical approach and experimentations on bone 

phantoms we show that the velocity of the first arrival signal (VFAS) measured with a simple time of flight method corresponds to the maximum of the group 

velocity of the axisymmetric Lð0; 2Þ mode. Considering the geometry of the cylinders analyzed, we show that it is possible to use this velocity to estimate the 

axial Young’s modulus. The ratio (internal radius / thickness) is an important parameter for small tubes such as rat tibias and has to be considered for results 

analysis. In this framework, mCT measurements are of first interest. At the end of this communication, preliminary experiments on rat tibias are presented and 

discussed. 

 

Keywords : Ultrasound Young’s modulus, Guided modes, Rat tibias, Porosity, Osteoporosis mCT 

Accepted in J Applied acoustics 2022

 

1. Introduction 

Many clinical studies using ultrasound devices to explore bone tissue 

characteristics and to determine osteoporosis in bone have been published and 

a global review can be found in Laugier et al. book [1]. In various clinical 

situations inducing bone characteristic variations such as age-related change 

[2], intense training [3] and anorexia nervosa [4], broadband ultrasonic 

attenuation (BUA in dB.MHz1) is the parameter mostly measured with 

ultrasonic pulse transmission through the heel in calcaneum [4]. As mentioned 

in Laugier et al. [1], if the bone thickness is also measured, the normalized BUA 

(n-BUA) can be used. Correlations between BUA or n-BUA, bone porosity, 

bone mineral density (BMD) can then be established to provide means of 

diagnosis [4,5]. Concerning the ultrasonic velocity, measurement in tubular 

bones such as femur or tibia, in order to evaluate the elastic parameters of 

cortical bone (Young’s modulus in particular), the problem appeared more 

complex due to the geometry of bone. Furthermore, as mentioned in Laugier et 

al. [1], the methods used by different authors are not detailed enough making 

difficult the comparison between results. So, more work has to be done to 

elucidate this problem. When the bones are large enough (i.e., in human or in 

bovine), in vitro studies are often done on bone cubes machined in various 

anatomical directions [6]. Thanks to measurements using longitudinal or 

transverse waves, the elastic moduli in the various directions can then be 

evaluated. Some authors have also used original vibratory methods on cubes or 

on whole bones [7]. Recently, Peralta et al. [8] used Resonant Ultrasonic 

Spectroscopy (RUS) method and obtained very good results for Young’s 

modulus or ultrasonic velocities on human bone femurs and tibias. At last, we 

can also cite the axial transmission method [1]: in this approach, an ultrasonic 

wave propagating in the cortical bone is excited along diaphysis and received 

with at least 2 transducers positioned perpendicularly to diaphysis. This method 

does not need a complex preparation of the bone sample. Furthermore, if the 

frequency is high enough (MHz for human bone) so that thickness  wavelength, 

the skimming wave (longitudinal surface wave generated for a specific critical 

angle of incidence) can be excited leading to a direct estimation of the 

longitudinal velocity [1,9]. Furthermore, this method is applicable in vivo on 

human tibia or radius for instance [10]. 

For small animals such as rats, to our knowledge, relatively few studies have 

been carried out especially on tibias. Indeed, their diameter and thickness are 

very small and the application of the previous approaches is not easy. For 

instance, axial transmission should need very high frequencies which is tricky 

because of ultrasonic attenuation. 

For works on rat femur, one can refer to the investigations of Kohles et al. 

[11], Han et al. [12], and Vanleene et al. [13] with transmitted longitudinal 

waves in axial or radial direction. For instance, Vanleene et al. [13] worked at 

100 kHz on bones having cross sections ranging from 2 to 5 mm. When the 

authors have simply used the transmission of an ultrasonic pulse along the 

diaphysis and thanks to the measurement of its travel time they have deduced 

the velocity of the first arrival signal (VFAS). For nondispersive systems, VFAS is 

equal to group and phase velocity. For instance, for an homogeneous sample 

with large dimensions compared to the wavelength, VFAS corresponds to the bulk 

longitudinal velocity (if longitudinal transducers are used). For dispersive 

systems, VFAS is only the velocity measured and the challenge is to link this 

velocity to elastic parameters of the sample. Consequently, as bone is a tubular 

and dispersive system, the link between elastic modulus and VFAS is not trivial. 

The well-known relationship E Young 0 smodulus ¼ qV2
FAS where q is the bone 

mass density is not applicable except if the frequency tends towards 0. In this 

case dispersion disappears, VFAS is equal to group velocity and phase velocity. 

Then, VFAS is called bar velocity. But, when frequency increases, high dispersion 

appears and ultrasonic velocity decreases a lot. So, estimating Young’s modulus 

simply with VFAS becomes impossible because the relationship E ¼ qV2
FAS 

becomes wrong. Surprisingly, in literature, the previous simple relationship is 

often used, even if the frequency does not tend to zero. To justify these 

calculations some authors often quote the founding works of Hashmann [14] in 

which samples were small cubes and not small tubes. Concerning comments on 

VFAS, phase and group velocity, one can refer to [15,16] in the case of human 

samples. Even if the measurement of dispersion curves has been widely 
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investigated, research is going on, in order to obtain a higher accuracy using 

specific signal processing in plates or bones [17,18]. 

Our study, which focuses on rat tibias, aims to identify what is exactly 

measured in terms of VFAS with a simple transmission of an ultrasonic pulse in 

a rat tibia diaphysis and to analyze if evaluating the axial Young’s modulus with 

the relationship E ¼ qV2
FAS relation remains possible. After a short theoretical 

part concerning the nature of longitudinal axisymmetric modes in infinite tubes, 

we will present the numerical approaches using on the one hand a commercial 

software (Disperse) to calculate dispersion curves and on the other hand a Finite 

Element (FE) calculation code. In order to validate finite elements code, 

dispersion curves obtained with Disperse will be compared to those deduced 

with ultrasonic signals simulated with finite elements. Then, we will analyze 

the simulated signals transmitted in a tube and the velocity (VFAS) deduced from 

time of flight, to identify the nature of the measured velocity. In a second step 

we will present the samples: phantoms and rats tibias. Then, the methods used 

to measure the density of rat tibias, their morphology and VFAS through 

diaphysis will be detailed. Finally, first results obtained in terms of Young’s 

modulus on seven rat tibias will be presented and discussed. 

2. Theoretical background: Some basics 

If one is only interested with axisymmetric modes for which the strain does 

not depend on the h angle of the cylindrical coordinates, for an infinite hollow 

tube, in very low frequency range, one finds the elongation or bar mode named 

Lð0; 1Þ propagating along the ð Þz axis of the tube without radial deformation. 

As already mentioned, if frequency tends to zero, this mode is nondispersive 

and the relationship E ¼ qV2
FAS is applicable. However, this mode becomes 

highly dispersive as soon as the frequency increases. For rat tibias, it would be 

necessary to work with very low frequencies (<100 kHz). Working in very low 

frequency range is tricky because sensors diameter is very large compared to 

bones cross sections. For higher frequencies many dispersive modes appear and 

generally strongly radially deform the walls of the tube. Among these modes, 

the Lð0; 2Þ mode, meanwhile, has a particularity. When the product (frequency 

(MHz)  thickness (mm)) is between 0.5 and 1.5 MHz.mm it becomes less 

dispersive [19,20]. For rat tibias, thickness classically ranges from 300 to 1000 

mm and the product (frequency (MHz)  thickness (mm)) should be close to 1 

MHz.mm for frequencies around the MHz. This is the reason why we will focus 

our attention on this mode with MHz ultrasonic transducers. 

Typical dispersion curves concerning phase and group velocities of Lð0; 1Þ 

and Lð0; 2Þ modes are presented in Fig. 1. They have been obtained with 

Disperse software and for characteristics corresponding to rat bone samples (see 

part 4). 

3. Materials and methods 

3.1. Phantom and bone samples 

In order to validate the method, we used brass tubes (thickness e ¼ 500lm 

and internal radius Ri ¼ 500lm) and a glass tube (e ¼ 800lm and Ri ¼ 5300lm). 

For our experiments, seven tibias (T0 to T6) where collected after sacrifice on 

rats previously used in a preclinical study. All animal experimentation 

procedures were conformed to the Directive 2010/63/EU that was adopted on 

the September 22, 2010 for the protection of animals used for scientific 

purposes (agreement number : A34-172-38) and was approved by the Comité 

d’éthique en expérimentation animale LanguedocRoussillon (CEEA-LR, 

C2EA-36) (protocol number: APAFIS#39222016020317052023v2). 

A standardized procedure was used to prepare samples. Following 

harvesting, the bone samples were cleaned of soft tissue excess. Their 

metaphysis and epiphysis were cut and the residual internal trabecular bone was 

washed from the medullary cavity. The obtained samples consist in pseudo 

cylindrical tubes of approximatively 1 cm high. The wall of these cylinders 

consists in the cortical bone whose properties will be studied in the following 

parts. 

 

Fig. 1. Typical dispersion curves for Lð0; 1Þ and Lð0; 2Þ modes in terms of phase and group 

velocities in an infinite tube. 

3.2. Simulations 

3.2.1. Disperse software 

With Disperse calculation code [21], if the mechanical properties of the 

material and its geometry (plate, tube, cylinder) are known, it is possible to 

calculate the dispersion curves. Thus, the phase velocity and the group velocity 

are obtained as a function of the frequency. Sample deformations during 

ultrasonic wave propagation can also be visualized. It is also possible to plot the 

ultrasonic signal after a given propagation distance. But, with Disperse it is not 

possible to simulate propagation in finite tubes or in more complex geometries: 

for instance, cylinders with thickness variations along ð Þz axis. This is the 

raison why we have also used a Finite Element (FE) method to deduce the 

dispersion curves directly from the echograms. 

3.2.2. Finite elements calculations 

FE simulations were carried out with the education and research version of 

CAST3M software developed by the CEA in France. Simulation was performed 

in 2D-Axisymmetric configuration using eight-nodes squares. Convergence 

tests showed that it was necessary to take 10 finite elements per wavelength, 

which is generally the accepted standard for non-spectral finite elements. A 

short sinusoidal excitation with 1 period at 1 MHz was imposed in the axial 

direction ð Þz on the top of the meshed tube. With the ‘‘dynamic” procedure, 

the ð Þuz displacement after a given distance and propagation time was plotted, 

thus forming the echogram. In rat tibias, we will see further that only the first 

transmitted signal is visible. In order to simulate such a case, echograms for 

various tube lengths were calculated. The envelope of the first transmitted 

signal (obtained with a Hilbert transform) was then calculated for each 

propagation distance. 

The plot of the position of the maximum of the envelope as a function of the 

propagation distance led to the calculation of VFAS through the diaphysis. In a 

second step, for the simulation we have used various echoes after several round 

trips in the tube. The FFT (Fast Fourier Transform) modulus was calculated. 

Let us first consider the case of a non-dispersive system: it is possible to 

show that the FFT modulus is constituted of several peaks, regularly spaced. 

The difference of frequency ð ÞDf between two peaks is constant and can be 

used to calculate VFAS [22]. As there is no dispersion: VFAS = group velocity = 

phase velocity. Let’s now consider a tube which is a dispersive system: the 

distance ð ÞDf between 2 peaks depends on the frequency. However, as each 

peak in the FFT corresponds to a resonance of the system it is possible to show 
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that the group velocity Vg at the frequency f i can be calculated in this way 

(relationship (1)), where L is the tube length: 

𝑉𝑔(𝑓𝑖) = 𝐿. (𝑓𝑖+1 − 𝑓𝑖−1)                 (1) 

Thus, by locating the positions of the peaks, the group velocity as a function 

of the frequency can be estimated. A summary of the procedure is given in Fig. 

2. 

Remark. In simulations there is no damping. Consequently, spectra exploitation 

is quite easy. But on an experimental point of view, to apply the signal 

processing it is necessary to have at least two echoes. That is the reason why 

on real bone samples it does not work. Indeed, only one transmitted signal is 

observed and only VFAS can be measured. For experiments on glass or metal 

tubes a compromise has to be found between damping and length. Indeed, 

because of duality between time and frequency if length is small, damping is 

small and a lot of round trips are observed. But in this case, (Df) is large and 

only a few points are acquired on dispersion curve. On the other hand, if tubes 

are long, (Df) is small, many points are acquired on dispersion curve but a 

higher damping occurs. For our experiments typical lengths around 5 cm have 

been used because they led to good spectra. Temporal signal and associated 

spectrum will be presented in part 4.2. 

3.3. X-Ray microtomography : mCT 

mCT was used to obtain bones geometric and morphometric data. This is 

fundamental for dispersion curves interpretation and for porosity estimation. 

The bone samples were scanned in the SkyScan 1272 X-rays microtomograph 

(Bruker mCT, Kontich, Belgium) at a nominal resolution of 5.5 mm employing 

an aluminum filter 0.5 mm thick, an applied x-ray tube voltage of 66 kV and a 

source current of 151 mA. Camera pixel binning of 2  2 was applied. The scan 

orbit was 180 degrees with a rotation step of 0.6 degrees. Reconstruction was 

carried out with a modified Feldkamp algorithm [23] using the SkyScanTM 

NRecon software accelerated by GPU [24]. Gaussian smoothing, ring artefact 

reduction and beam hardening correction were applied. Volume of interest 

(VOI) selections, segmentations to binary and morphometric analysis of the 

seven samples were all performed using SkyScan CT-Analyser (‘‘CTAn”) 

software. The cortical VOI commenced about 0.35 mm (64 image slices) from 

the bottom of the bone sample level and extended from this position for a further 

6.6 mm (1200 image slices) in a diaphyseal direction. The same global 

thresholds were selected for the seven samples by visual matching with 

greyscale images. The signal to noise ratios of the reconstructed images and 

segmented binary images did not necessitated any subsequent image 

processing. 3D morphometric parameters were calculated for cortical selected 

VOIs. Morphometric parameters in 3D (open, closed and total porosity, bone 

volume/total volume, object volume, structure thickness...) were based on 

analysis of a Marching Cubes [25] type model with a rendered surface. Structure 

thickness and structure separation in 3D was calculated using the local thickness 

or ‘‘sphere-fitting” (double distance transform) method [26,27]. Surface-

rendered 3D models were constructed for 3D viewing cortical analyzed regions, 

using SkyScan CTVolume (‘‘CTVox”) software. Model construction was by the 

‘‘Double time cubes” method [28], a modification of the Marching cubes 

method 

[25]. 

3.4. Mass density 

The solid true mass density (Kg/m3) of dried (105 degreesC – 

24 h) and finely grinded bone samples was measured by helium pycnometry 

using a helium Multivolume Pycnometer 1305 micromeritics (Quantachrome 

Instruments, Odelzhausen, Germany). Analysis were performed in triplicate. 

3.5. Ultrasonic experiments 

Ultrasonic Olympus longitudinal transducers (central frequency 2.25 MHz) 

were excited with an Olympus 5073PR pulse generator. The ultrasonic signals 

were visualised on a Lecroy Wavejet 334 before acquisition on a personal 

computer via an USB-GPIB connection. All acquisitions and signal processing 

tasks were carried out using in-house Labview software. For brass and glass 

tubes, we worked in reflection configuration with one transducer because many 

round trips were observed. The tube was simply settled vertically on the 

transducer and coupled to the ultrasonic probe with a thin layer (a few mm) of 

honey. After ultrasonic signal acquisition, we used the signal processing 

presented in simulation: the FFT was performed and dispersions curves were 

calculated. We used various glass and brass samples having different lengths in 

order to also evaluate VFAS. For bone samples, we worked in transmission 

configuration with two transducers positioned at each end of the bone because 

only the first transmitted signal could be observed. If (z) represents the third 

coordinate of cylindrical system used to describe bones, the probes are parallel 

to (z) and so the piezo element is perpendicular to (z). This configuration 

ensures and excitation of L modes along diaphysis. After each experiment for a 

given length, the length was mechanically reduced with a small saw in order to 

perform measurements for various lengths. Here again we used the signal 

processing presented in simulation: after signal positions estimation (with the 

envelop), we plotted the arrival time versus length in order to calculate VFAS. 

4. Results 

4.1. Simulations 

 

Fig. 2. Finite elements simulation and signal processing. 
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In order to validate our FE calculation method and the associated signal 

processing, a first simulation was performed on brass with the following 

parameters: thickness: e = m internal 

 

Fig. 3. Comparison between FE and Disperse simulations. Brass. Ri/e = 1. 

radius: Ri = 500 m, mass density:  8500 kg/m3, Young’s modulus: E= 1265 

GPa, Poisson’s ratio: =0:29). From FE calculations, Vg(f) (with a length L 

equal to 2 cm) and VFAS (with L = 1, 2 3 and 4 cm) were deduced. They are 

compared with the result given by Disperse software in Fig. 3. 

A second simulation was performed with data representing mean values for 

rat bone. We chose : e = 600 m, Ri = 600 m, =2000 Kg/m3, E = 25GPa, 

Poisson’s ratio  0:25). Here again, from FE calculations Vg(f) (with a length 

L equal to 2 cm) and VFAS (with L = 1, 2 3 and 4 cm) were deduced. 

They are compared with the result given by Disperse software in Fig. 4. 

On these graphs one can notice that the maximum of the group velocity 

(VgMAX ) is close to VFAS. In fact, such an element is not very surprising because 

the maximum of the group velocity corresponds to the frequency for which the 

displacement in (z) direction is the most homogeneous through the tube wall. 

This element has been checked with Disperse software: at this specific 

frequency, the amplitude of the ultrasonic signal reaches a maximum. So, the ð 

Þuz displacement (plotted with FE or measured with our ultrasonic longitudinal 

transducers) will be emphasized. Consequently, when VFAS is calculated in 

temporal domain, the velocity obtained is a group velocity near this frequency 

where Vg reaches its maximum. In order to confirm this fact, several simulations 

have been made for bone, glass and brass with Ri/e ratios ranging from 1 to  ∼7 

(See Fig. 5). The value of VgMAX depends on mechanical properties of the 

material and on the (Ri/e) ratios. Simulations have also 

 

Fig. 4. Comparison between FE and disperse simulations. Bone. Ri/e = 1. 

 

shown that for a given thickness, if Ri/e increases, the dispersions curves are 

displaced to the left, VgMAX increases, and the plateau where the dispersion is 

small is larger. For a given Ri, if Ri/e increases, the dispersion curves are 

displaced to the right, the velocity increases and the plateau where the 

dispersion in small is larger. In all of these simulations we observed: 

𝑉𝑔𝑀𝐴𝑋 ∼ 𝑉𝐹𝐴𝑆  (2) 

Now, to link VFAS to Young’s modulus it is necessary to compare VFAS to L(0; 

1) group velocity: if the frequency tends to 0, we recall that the elastic modulus 

is directly linked to the elongation velocity VElong which represents the velocity 

of the L(0;1) mode with the well-known relationship E=V2
Elong. In our 

experiments, VElong is not measured. So, we propose to suppose E =VFAS
2 and 

to estimate the error made regarding the values of (Ri/e) and Poisson’s ratios for 

a given Young modulus having a classical order of magnitude for rat bones. The 

results are presented in Table 1. 

Regarding these results, the relationship E∼  V2
FAS leads to an estimation 

of the Young’s modulus with an accuracy around 2 % when Ri/e∼  2. We will 

see further that this value is a mean one for all the bones analysed. Then for a 

given (Ri/e) equal to 2 (typical value for rat tibias) and a Poisson’s ratio ranging 

between 0 and 0.3 the accuracy has also been evaluated. If Poisson’s ratio tends 

to zero, E∼  V2
FAS becomes exact because the mode becomes elongational. 

When the Poisson’s ratio is around 0.3 (value classically observed for bones), 

the accuracy is around 1.6 %. At last we have simulated more complex 

geometries (see Fig. 6) and here again the relationship E ∼   V2
FAS remains 

valid. As a conclusion of this simulation part, for bones, if we apply the 

relationship E ∼   V2
FAS on rat tibias for which (see part 4.3) (Ri/e) is around 

1.7 and assuming a Poisson ratio less than 0.3, the maximum error on E should 

be inferior to 2.5 %. So, for small tubes the relationship (3) will be used in the 

next parts on this paper: 

E ∼   V2
FAS (3) 
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4.2. Experimental results on brass and glass tubes 

On brass we used tubes already presented in part 3.1. VFAS measurements 

were performed with L ranging from 1 to 4 cm. For dispersion curve evaluation, 

we used the 4 cm tube. Indeed, longer is the tube, smaller is the Df value 

between to peaks in the FFT. Consequently, more points are acquired for the 

dispersion curve evaluation. 

Experimental signal in time domain showing echoes and spectrum used to 

evaluate dispersion curve are presented in Fig. 7. 

Our experimental dispersion curve was then adjusted with Disperse software 
with the following mechanical parameters: E = 119.6 GPa, Poisson0s ratio = 
0.296 and = 8500Kg/m3. 

Such values are in line with data from literature and depends on brass 

chemical composition : E between 100 and 130 GPa, Poisson’s ratio between 

0.28 and 0.37.5 and q between 7200 and 8800 Kg/m3. Regarding Fig. 8, it is 

obvious that VgMAX  ∼ VFAS. Using the relationship (3), the Young modulus 

estimated with VFAS was 116 GPa. Compared to E obtained with Disperse, the 

difference is 3 %. 

Same experiments conducted on the glass tube lead also to a good 

adjustment with Disperse software with: E = 70,5 GPa, Poisson0s ratio = 0:226 

and  = 2500Kg/m3
. Such values are also in line with literature. Using the 

relationship (3) the Young modulus estimated with VFAS was 73.4 GPa. The 

difference reaches 4.28 %. It is higher because (Ri/e) reaches the value of  7. 

 

Fig. 6. FE simulations for a more complex geometry of rat tibia. L = 4 cm. 

 

Fig. 7. Experimental signals acquired on brass sample. 
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Fig. 8. Experimental results on brass. 

Table 1 
Error between Young’s modulus calculated with VFAS and true Young modulus used for finite 

elements simulations. Finite elements parameters: Poisson0s ratio =0:25, E=25GPa, mass density 

 2000Kg/m3. 

Ri/e VFAS (m.s1) q VFAS 2 (GPa) Error (%) 

1 
2 

3485 
3568 

24.3 
25.46 

2.83 1.85 

3 3596 25.86 3.45 

4 3611 26.07 4.31 

Table 2 
Experimental results obtained on 7 rat tibias. 

4.3. Experimental results on bone 

In the following table (Table 2.) we have reported all the characteristics of 

tibias analysed in term of porosity measured with mCT. Thanks to the 

experiment performed with the Pycnometer a mean true density has been 

evaluated to 2220  120 kg/m3. Then the mass density has been calculated with 

CT = 2200.(1- PCT ) where PCT is the total porosity measured in the bone sample. 

For T2 tibia, PlCT was not obtained correctly. So, the mass density has been 

measured with a weighting method and porosity was then calculated. We have 

also reported the values of Ri, e and Ri/e ratio. In the two last columns, the 

values of VFAS, and E calculated with relationship (3) are reported. Considering 

the accuracy on VFAS and density evaluation, the global accuracy on E has been 

estimated to ± 2 GPa. In our experiments all bones except T3 have got Ri/e ratios 

between 1.5 and 2. If we refer to Table 1. this means that the influence of 

geometry on E estimation is around 2 % i.e. < 0.5 GPa. T3 presents a high (Ri/e)  

4. So, for this bone, Young modulus is certainly overestimated (1 GPa). But on 

the other hand, the value measured is smaller and comparable to Young modulus 

obtained for T2, T4 and T6. So, for this sample, Young modulus is clearly inferior 

and geometrical effects do not introduce a large biais on data interpretation. 

Generally speaking, if for a given experiment, variations observed on Young 

modulus are small it is important to check if such a variation is not simply due 

to a geometrical effect and not to mechanical properties 

 

Fig. 9. Young modulus versus porosity on 7 rat tibias. 

As we had only of few numbers of samples, our goal is not to give reliable 

behaviour laws. Indeed, in biological domain only statistical analysis have a 

meaning. We just want to check if the global trend observed is in line with 

literature. Furthermore, it will give new data on rat tibias for which a very few 

data are available in literature (See Fig. 9). The slope for E modulus versus 

porosity is 1.5. Literature data from Vanleene et al. [13] on femurs lead to a 

slope of 2. The values of Young moduli reported in this communication were in 

the same order of magnitude compared to our data. Nevertheless, the values are 

a little bit inferior. If we refer to [29], this is perhaps due to the fact that our 

measurements where performed on dry bone samples. Furthermore, regarding 

literature it seems that Young modulus for femurs is smaller compared to tibias 

[30]. 

5. Conclusion and recommendations 

In this paper we have shown that the L(0;2) mode can be used for rat tibias 

ultrasonic investigations for frequencies close to the MHz. Using longitudinal 

transducers, the velocity of the first arrival signal measured in time domain by 

a simple time-of-flight method corresponds in fact to the maximum of the group 

velocity of the L(0; 2) mode. Moreover, the favorable geometry of the rat tibias 

Ri/e ∼ 2 leads to a good estimation of the axial Young’s modulus by a simple 

relation generally valid for infinite cylinders when frequency tends towards 0. 

However, in order to not introduce experimental bias due to 3D geometry bones, 

we recommend to explore geometric parameters with mCT. Nevertheless, in the 

case of this device is not available, basic geometrical mechanical analysis with 

caliper provide sufficient precision in the evaluation of these parameters. The 

first results obtained on 7 rat tibias have shown that, as expected, porosity has 

a strong influence on the Young’s modulus. The use of this approach in the 

framework of preclinical studies aiming at studying the effect of treatment on 

osteoporosis seems to us recommended because it is simple to implement and 

can even be transposed in the future on commercial ultrasonic devices usually 

dedicated to the measurement of the BUA and the ultrasonic velocity on 

calcaneum. 

Tibia e (mm) Ri (mm) ðRi=eÞ P (%) 
±0.5 

q (Kg.m3) 

±130 

VFAS (m.s1) 

±50 

E (GPa) 
±2 

T0 0.68 1.43 2.1 1.62 2184 3629 29 

T1 0.78 1.24 1.59 2.03 2175 3260 23 

T2 0.45 0.9 2 5.8 2091 3164 21 

T3 0.33 1.41 4.27 5.99 2073 3069 20 

T4 0.74 1.06 1.43 2.59 1730 3300 19 

T5 0.73 1.17 1.6 2.48 2110 3541 27 

T6 0.81 1.27 1.57 3.49 2143 3322 21 
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