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ABSTRACT 

The assessment of the anisotropic elastic properties of non-pathological child cortical bone 

remains a challenge for the biomechanical engineering community and an important clinical 

issue. Resonant ultrasound spectroscopy (RUS) can be used to determine bone stiffness 

coefficients from the mechanical resonances of bone specimens. Here, a RUS protocol was used 

on 7 fibula specimens from children (mean age 14±3 years) to estimate the whole elastic 

stiffness tensor of non-pathological child cortical bone considered as orthotropic. Despite a small 

number of sample, results are consistent with this hypothesis, even if a trend towards transverse 

isotropy is discussed. Indeed, the average values of the 9 independent stiffness coefficients 

obtained in this study for child bone are: C11 = 16.730.19 GPa, C22 = 16.190.12 GPa, C33 = 

24.470.30 GPa, C44 = 4.140.08 GPa, C55 = 4.160.07 GPa, C66 = 3.130.05 GPa, C12 = 

10.140.20 GPa, C13 = 10.670.27 GPa, C23 = 10.250.14 GPa. 

 

Keywords: Resonant ultrasound spectroscopy; pediatrics; cortical bone; anisotropic elasticity 

coefficients 
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1. Introduction 

Bone is a hierarchical and organized structure with properties varying by successive stages from 

juvenile to mature stage. Currently, Dual Energy X-ray Absorptiometry (DEXA) scanning is the 

most commonly used bone densitometry method to assess skeletal status in adults and children 

with bone diseases. Recently, some advances in clinical research assess geometrical and 

microstructural parameters derived from Computerized Tomography (CT) images. Nevertheless, 

they not provide measurements of the mechanical characteristics of bone although they have 

been widely demonstrated to be major determinants of bone quality and fracture risk. Nowadays, 

using ultrasounds is recognized as a relevant way to provide additional data on the mechanical 

behavior of bone (Laugier and Haïat, 2011). In the context of mechanical characterization of 

bone tissue, one of the challenges is to take into account the elastic anisotropy of the material. 

Indeed, the elastic anisotropy is one of the expressions of physiological adaptation of the bone as 

a living tissue, and can be a key parameter in the estimation of bone quality. A smart protocol 

using resonant ultrasound spectroscopy (RUS) has recently been developed to assess the whole 

stiffness tensor of cortical bone at millimeter scale. The relevant protocol and method are well 

presented and discussed in the articles by Bernard et al. (Bernard et al., 2016, 2015, 2013), and 

recently supplemented by works of Cai et al. (Cai et al., 2017). This work, as most of the work 

conducted on bone, has been carried out on adult bone and more precisely on ageing human 

bone, which is nowadays a well-documented material. In contrast, cortical bone of children and 

juveniles remains poorly studied, although it is known to exhibit specific behavior compared 

with adult bone (Currey and Butler, 1975). Contrary to what has been admitted for years, the 

mechanical characteristics of child bone cannot be directly deduced from adult bone 

measurements and require dedicated studies. Nevertheless, child bone pieces are very difficult to 
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collect. The few studies on child bone were conducted on pathological tissue (osteogenesis 

imperfecta (Albert et al., 2013; Imbert et al., 2014), traumatic brain injury (Davis et al., 2012)). 

During the last years, pioneer studies have been published on non-pathological child cortical 

bone (NPCCB) (Bala et al., 2016; Berteau et al., 2012a, 2012b; Lefèvre et al., 2015). Lefèvre et 

al. (2015) measured the diagonal stiffness coefficients of NPCCB (fibula) specimens, which 

were collected under the same conditions as in the present study (same anatomical site). They 

provided the values of the six diagonal stiffness coefficients, and their statistical sample shows a 

trend toward transverse isotropy for this kind of material. Unfortunately, the small dimensions of 

the specimens extracted from the collected pieces prevented the assessment of the off-diagonal 

coefficients, and the elasticity tensor remained incomplete. This is where the RUS turns out to be 

a valuable tool. 

RUS characterization is fully applicable on low damping materials such as single crystals (Isaak 

and Ohno, 2003), quasi crystals (Spoor et al., 1995), and metallic composites (Ledbetter et al., 

1995). The method has been proved capable of characterizing complex materials such as wood 

(Longo et al., 2018), rock and concrete (Payan et al., 2007; Remillieux et al., 2015). Also, when 

combined with a probabilistic approach, it has been able to provide, in a single measurement, the 

elastic coefficients of specimens of millimetric size of a low-quality factor (Q  20-25) material 

such as bone (Bernard et al., 2016, 2015). 

This case study based on research by Bernard et al. (2016, 2015), is providing the first estimation 

of the full set of stiffness coefficients of NPCCB initially assumed to be an orthotropic material. 

Based on our results, we will discuss this hypothesis. 

 

2. Materials and methods 
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2.1. Specimen preparation 

Experiments were conducted on 7 NPCCB specimens extracted from 7 fibulae of children (mean 

age 14±3 years). The specimens, collected in the distal 1/3 of the fibula, were surgical waste 

recovered from corrective surgery at the Timone Children's Hospital (Marseille, France) after a 

fracture at the growth plate or equinovarus of the foot with no impact on the bone mechanical 

properties (Rauch et al., 2007). Children were ambulatory prior to surgery and none were under 

medication known to affect bone modeling or remodeling. Thus, these specimens could be 

considered as NPCCB specimens. Our experimental protocol respected the legal clauses stated in 

the French code of Public Health and by the National Commission for Data Protection and 

Liberties (CNIL-France). Informed consents were obtained from the children legal 

representatives. 

The specimens were cut into rectangular parallelepipeds using a water-cooled low-speed 

diamond saw (Buehler Isomet 4000, Buehler, Lake Bluff, IL, USA). Fig. 1 shows the dimensions 

along the three directions, radial, circumferential and axial. The geometry of the extracted bone 

specimens has to be as close as possible to a perfect rectangular parallelepiped in order to 

conduct the experimental protocol of RUS. Consequently, a specimen holder was specially 

developed to ensure the parallelism of opposite faces and the perpendicularity of adjacent faces 

of the bone specimens in the three directions. The proper surface condition of the specimens used 

in this study was controlled by high-resolution imaging (Phoenix Nanotom 180 S, General 

Electric, Germany). The specimen dimensions were measured using a digital caliper (Absolute 

digimatik solar, Mitutoyo, Kanagawa, Japan, measurement error of 0.03 mm). The area in 

contact with the sample at the level of the caliper jaws was of the same order of magnitude. The 

specimen dimensions presented in table 1 can therefore be considered as average values, whose 

uncertainty is the one of the caliper. The mass density ρ (in g/𝑐𝑚3) was determined using a 
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micrometric balance with a density kit (Voyager 610, Ohaus Corporation, Florham Park, NJ, 

USA, measurement uncertainty of 0.001g/cm3). The fresh specimens were frozen and stored at -

20°C (Crandall et al., 2000). They were thawed at room temperature, so that during the RUS 

experiments, measurements were made on fully-hydrated specimens. Freeze-thaw cycles could 

have a influence on the mechanical properties of bone (Kang et al., 1997). In this work, the 

number of cycles was limited to only two cycles per sample. 

 2.2. Resonant ultrasound spectroscopy (RUS) set-up & protocol 

The RUS experiment was conducted in transmission mode using two shear transducers (V151, 

Panametrics, Olympus Corporation, Waltham, MA, USA) facing each other with their axes 

aligned (Fig. 2), one being used as a transmitter and the other as a receiver (Wang and Lakes, 

2003). The bone specimen was placed in between. The center frequency was 500 kHz, with a 

frequency bandwidth from 60 to 800 kHz. 

A waveform generator (PXI-5406, National Instrument, Austin, Texas, USA) was used to 

produce a constant amplitude stepped sine wave. The transmitted signal was amplified by a high 

voltage amplifier (WMA-30NN, Falco Systems BV Remisestraat 1 2225 TH Katwijkaan Zee, The 

Netherlands). The resulting vibrating signal was recorded using an A/D converter (PXI-5122 

A/D, National Instrument, Austin, Texas, USA). The signal processing algorithms were 

implemented on an ordinary personal computer, using Matlab (The MathWorks, Inc., Natick, 

Massachusetts, United States) and Python (2001-2018 Python Software Foundation). 

The RUS method is a method for measuring the stiffness coefficients Cij following Hooke's law 

(Migliori et al., 1993). The method is based on the excitation of the natural vibrational modes of 

a specimen and the measurement of the spectrum resonance peaks. The general protocol is 

divided into 3 steps.  
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The first step is to estimate theoretical resonant frequencies from the measurement of the 

dimensions and mass of the bone specimen and an initial guessed value of the elasticity tensor. 

In this work, we considered NPCCB as orthotropic and we then had to evaluate 9 stiffness 

coefficients. As a result, the frequency range to be considered was defined so as to enclose 30 

resonant frequencies for each specimen. The initial values of the coefficients of the presumed 

elasticity tensor were the six diagonal coefficients values published in (Lefèvre et al., 2015) 

(Table 1). The three off-diagonal coefficients were supposed to be equal and deduced from  

𝐶12 = 𝐶13 = 𝐶23 = 𝐶11 − 2𝐶66 = 10.24𝐺𝑃𝑎. 

The second step is the excitation of the specimen over the theoretical frequency range obtained 

in the first step. The measurement RUS protocol requires free surface boundary conditions 

(Migliori and Maynard, 2005). Our specimens were rectangular parallelepipeds. The contact 

surface with the transducers was reduced to its corners (Fig. 2) whose symmetry was low so that 

there would be no vibration node there. This position allows all natural modes to be excited and a 

maximum number of frequencies to be measured. 

Both generated and stored signals were managed using RITA (Resonance Inspection Techniques 

and Analyses) software, designed and implemented by the LANL Wave Physics group (Payan et 

al., 2014; Remillieux et al., 2015). Measurements were repeated and the specimen removed and 

repositioned 6 times, so as to detect the maximum number of resonant frequencies (Fig. 3). This 

repositioning can lead to slight variations in coupling between the transducers and the specimen, 

and increases the possibility of obtaining weakly excited modes. Repeated measurements reduce 

the number of missed modes and are a way of estimating the uncertainty on resonant modes. 

Total bone specimen testing time was roughly 30 minutes. 
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The third step is the detection of the actual resonant frequencies, and the resolution of the inverse 

problem on identifying the stiffness coefficients. The positions of the peaks in the modulus 

spectra were detected using the "peak-finder" option of the RITA software. Once the local 

maxima are identified, a parabolic fit is performed over the few points close to the max to 

increase the frequency resolution. Among these peaks, the user selected those which correspond 

to a phase shift.  Details can be found in Payan et al. (2014). However, due to the low-quality 

factor of cortical bone material, the resonant peaks obtained experimentally were often 

overlapped and were difficult to detect, leading to missed resonant modes. Moreover, it is tricky 

to obtain the right pairing between experimental and theoretical modes. To tackle these issues, 

we implemented the Bayesian approach described in Bernard et al. (2015). The Bayesian 

inference is a subjective probabilistic model which integrates prior information on the 

parameters. Then it estimates the likelihood of a set of parameters to obtain the data. In our case, 

however, existing knowledge of the parameters could not easily be translated into probability 

distributions, so we used Gibbs sampling to randomly explore the posterior probability density 

function following a Markov Chain Monte Carlo method. Details can be found in Bernard et al. 

(2015). 

 

3. Results and discussion 

The stiffness coefficients Cij were calculated after 300 iterations, related to the convergence of 

the Markov chains from the values obtained over 1000 random statistical samples (Gibbs 

sampling). These elastic constants are also translated in terms of elastic moduli Ei, shear moduli 

Gij and Poisson's ratios ij (i, j = 1, 2, 3 for radial, circumferential and axial directions). The 

experimental protocol (holding of the sample, transducers location, etc.) was carefully validated 
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on comparable size aluminum samples. Following this protocol, all of the spectra were used to 

enhance the detection of resonant frequencies over the 6 independent measurements performed 

for each sample. No prior judgment was assumed related to the quality of the measurement. 

Results for bones are presented in Table 1 and Table 2. Table 2 presents the stiffness coefficients 

of adult and child cortical bones obtained by Bernard et al. (2016), Lefèvre et al. (2015), and in 

this case study. Lefèvre et al. (2015) evaluated only the diagonal stiffness coefficients for the 

NPCCB while Bernard et al. (2016) evaluated the whole stiffness matrix for adult cortical tibia 

specimens with millimetric dimensions comparable to the dimensions of the present NPCCB 

specimens (from 5 to 37 mm3).  

The diagonal stiffness coefficients for child bone are consistent with those obtained by Lefèvre et 

al., with differences (
𝛿𝑥

𝑥
) ranging from 0.6% (C44 and C66) to 2.71% (C55). The measured 

coefficients for child bone are lower than for adult bone. The relative differences range from 

8.1% (C33) to 35% (C12). For the adult bone values presented in Table 2, the hypothesis chosen 

by Bernard et al. (2016) is transverse isotropy; commonly assumed for the adult long bone 

cortex. The stiffness coefficients C11 and C22 (respectively C55 and C44) are then identical.  

In the analysis of our results, coefficients C11 and C22 are on average close to each other; equal to 

16.73 GPa and 16.19 GPa, with a relative difference of 3.22%. The coefficients C44 and C55 can 

be considered as identical, equal to 4.14 GPa and 4.16 GPa, with a relative difference of 0.5%. 

Due to the scarcity and the small dimensions of specimens, working on NPCCB is challenging. 

The preparation (cutting and cleaning) of the samples remains a delicate step in the experimental 

protocol to provide satisfying geometry and surface quality (roughness and flatness) of the 

sample. Moreover, an important criterion in the RUS protocol is the parallelism of the specimen 

(Migliori and Maynard, 2005). It is important to have a rectangular parallelepiped specimen as 
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perfect as possible without pores on faces, edges and corners. Even using a specially-designed 

specimen holder, some of our specimens showed open pores at the boundaries, thus 

compromising the flatness of the faces and the correspondence between the theoretical and 

experimental resonant frequencies. Such specimens were removed after high-resolution imaging 

control using an X-ray scanner, which further reduced the number of specimens available. The 

low number of specimens was thus an important limitation in this work. It prevented any 

statistical analysis of the relationship between age and stiffness coefficients or of the degree of 

anisotropy of NPCCB specimens (orthotropic versus transversely isotropic material). 

Following the orthotropy hypothesis, the inverse problem should provide 9 independent elastic 

coefficients. According to Lebedev's work (Lebedev, 2002), the number of modes to measure 

should be equal to 5 times the number of coefficients to calculate. That is 45 modes in our case. 

Given our assumptions introduced in the first step, the theoretical frequency range encloses the 

30 first modes. But due to the low-quality factor of bone material, the detection of each of the 30 

modes was not always possible. The minimum number of frequencies identified for a specimen 

was 21. However, following the work of Bernard et al. (2016, 2015), we used the Bayesian 

approach to circumvent this problem and to solve the inverse problem of calculating stiffness 

coefficients from a number of resonant frequencies lower than 5 times the number of coefficients 

to calculate and with a minimal error (Cai et al., 2017). 

Despite a small number of samples and statistical values, results are consistent with the 

orthotropic hypothesis for NPCCB specimens studied in this work. But the results also show a 

trend towards transverse isotropy for this kind of material, which should be confirmed using a 

representative statistical sample. However, the low number of specimens precludes making 

statistical analysis on the significance of the differences between C11 and C22, C44 and C55, and 
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C13 and C23. This hypothesis warrants further investigation, by considering NPCCB as a 

transversely isotropic material in the forward problem (step 1). Regarding the operational 

conditions (low sample count, possible number of thawing cycles, limited number of tests), and 

with no certainty on the degree of anisotropy, the most general case of orthotropy was retained in 

this study. 

 

4. Conclusions 

The assessment of the complete elastic stiffness tensor of non-pathological child cortical bone 

(NPCCB) remains challenging and critical needs for the biomechanics community. Although 

relevant studies exist, bibliographic references are relatively rare, and few studies focus on 

NPCCB. In this work, we present values for NPCCB elastic coefficients at millimeter scale, 

obtained from Resonant ultrasound spectroscopy (RUS) measurements. RUS has been 

demonstrated to be suitable for the evaluation of bone elasticity, in particular by the work of 

Bernard et al., from which this study is strongly inspired. This work is a case study of the use of 

RUS for NPCCB characterization. Although it has been conducted on a small number of 

specimens, this study is the first, to our knowledge, to provide a complete elastic stiffness tensor 

for NPCCB. These values obtained at millimeter scale can be crucial to implement 

homogenization methods to assess macroscopic properties and develop realistic numerical child 

bone models. 
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Figures 

Fig. 1. A sketch representing the bone specimen orientation used in this study. 

 

Fig. 2. Photograph of the bone specimen inserted between the two transducers. Scheme of the 

electroacoustic setup. 

 

Fig. 3. Typical set of spectra measured for a NPCCB specimen (13 y. o.). Each curve 

corresponds to one of the 6 repeated measurements (sample removed and repositioned).  
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Tables 

Table 1 

Values, mean and standard deviation (SD) of sizes, densities and measured stiffness coefficients, 

elastic moduli, shear moduli and Poisson's ratios for seven child fibula samples. All coefficients 

except Poisson's ratios are in GPa. 

 

Table 2  

Mean stiffness coefficients of adult and child cortical bones (all values in GPa). 


