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Abstract 
This paper presents to use the Resonant Ultrasound Spectroscopy (RUS) as nondestructive examination method 
for determination of the density changing, elastic and geometrical properties of the object to be examined. The 
method is applied at the noninvasive evaluation of the femoral head prosthetic and of the artificial cervical discs 
made from yttria stabilized tetragonal zirconia. This method does not require coupling fluid between the 
transducer and the element to be controlled. 
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1. Introduction 
 
Candidates for joint arthroplasty include patients who exhibit excessive pain due to 
dysfunction in either the hip or knee due to fracture of the femoral head, arthritis, or other 
conditions. The number of the patients requiring and receiving biomedical implants to correct 
skeletal defects and heal diseases is constantly increasing. 
Ceramic ball heads in clinical use today are manufactured from two oxide ceramics: alumina 
(Aluminum Oxide Al2O3, α – alumina a.k.a. corundum) and Zirconia (Zirconium Dioxide 
ZrO2 –mostly stabilized by Yttria Y2O3, also known as Yttria – stabilized Tetragonal Zirconia 
Polycristals Y-TZP ). 
The hip joint prosthesis has three elements: 

• a ball to replace the original head 
• a stem that is inserted into the femur 
• a cup that is inserted into the acetabular of the pelvis.  

The properties of Y-TZP ceramics as required for clinical applications are stated in the 
standard ISO 13356 -1997 [1]. The properties of α – alumina are stated in the standard ISO 
6474-1, 2010 [2]. 
The mostly used combination is a head of α- alumina or Y-TZP articulating against a cup of 
Polyethylene Ultra High Molecular Weight (PE-UHMW). 
This type of prosthesis is presented in Figure 1. 
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Figure 1. Medical prosthesis: a) Ceramic to ceramic total hip replacement; b) A pair of 
cervical artificial discs 
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In present, a series of classical diagnosis methods are used for the evaluation of the quality of 
the implanted femoral head: X ray radiography and X ray computerized tomography [3]; 
Arthroscopy [4]; Scintigraphy [5]. For the evaluation of the state of the artificial cervical 
discs, X ray radiography is the method used in present [6]. 
For both types of implants, the evaluation methods performed in present have a reduced 
spatial resolution, which make difficult so the nondestructive evaluation at the producer as 
well as the evaluation of the state of the prosthesis during the periodical medical controls.  
In Table 1 the principal characteristics of the combination ceramic head – PE-UHMW cup are 
presented after [7]. 
 

Table 1.  The principal characteristics of the combination ceramic head – PE-UHMW 
cup 

 
Classification Materials for Linear 

wear 
Remarks  

 Acetabular cup Femoral head mm/year  

Soft/hard PE-UHMW α- alumina  
ceramics 

0.1 More than 2 million cases 

Soft/hard PE-UHMW Y-TZP 0.08 More than 100000 cases 

 
α –alumina represents the stable phase of medical –grade alumina. Zirconia exists in three 
crystallographic polymorphs. The monoclinic phase is stable at room temperature; the 
tetragonal phase is stable between 11700C and 23700C while the cubic phase is the high 
temperature structure [8]. The tetragonal form can be retained in a metastable state at room 
temperature by adding various oxides, in particular, Yttria.  
Under high localized stress, in particular, at flaws on the surface or within the lattice, a 
structural transformation from tetragonal to monoclinic phase take place.  The associated 
expansion of 4% in volume induces localized compressive stresses and micro-cracks around 
the transformed particles. However, a slow tetragonal to monoclinic transformation may also 
be caused by fatigue at low temperatures in the humid environment of the synovial liquid [9]. 
The obtaining of high quality femoral ceramic heads that does not create lesions to the 
patients with implants, supposes the uses of efficient nondestructive evaluation methods. 
This paper proposes the resonant ultrasound spectroscopy (RUS) as nondestructive evaluation 
method for this. 
 
2. RUS principle 
 
RUS is a means of determining material properties of an elastic object by exciting the 
resonant frequencies (normal modes) of the object. The spectrum of modes of an elastic object 
contains much information about the object, both microscopic and macroscopic. The 
information that can be derived from such a spectrum includes the entire elasticity matrix as 
well as information about the object’s geometry and density. In principle, all of this 
information can be acquired from a single, accurate measurement of an object’s resonant 
spectrum [10] .  
The elasticity of a material is the predisposition of a material to return to a minimum energy 
configuration. The change in energy, ∆U, under the influence of deformation strain can be 
described by an expansion in the size of the deformation strains eij around the local 
equilibrium (stress free interval state) [11] . 
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where the Cijkl constants form the elastic modulus tensor; this is the sum of the effects of the 
local elastic restoring forces and conforming to the overall symmetry of the system. 
The Cijklmn are the third order elastic constants resulting from the third strain derivatives of the 
second order elastic constants Cijkl. The restoration force implied in (1) can be written in a 
linearized form as Hooke’s law with stress tensor τij  

ij ijkl klC eτ =
      (2) 

RUS [10] is based on the fact that the resonance frequencies of an homogeneous object are 
determined by the geometry, density, and restoring forces of the object, described in (1).  
The resulting small strain elastic vibrations can be described by the wave equation solution 
using the tensor linear elastic constants. 
For an homogeneous and isotropic body, the matrix C can be written as  
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where K is the bulk modulus, ( )3 1 2
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+ , E 
represents the Young’s modulus and  ν  is Poisson’s ratio [12]. 
The calculation of vibration modes of elastic objects with free boundaries is a classic problem 
in mechanics. Unfortunately, exact analytical solutions exist only for few cases such as 
isotropic spheres, cylinders and certain models of a parallelepiped [13]. In most cases, 
approximation methods as finite element method (FEM) or Rayleigh-Ritz method must be 
used for estimating the eigen-frequencies of normal modes. 
 
3. Examined samples 
 
Two main types of ceramic femoral heads made from Y-TZP and alumina have been 
investigated and a plan convex and plan concave artificial cervical disc. The mechanical 
characteristics for ceramic femoral heads are presented in Table 2 and for artificial cervical 
disc in Table 3. 
Supplementary , at the studied samples artificial cervical disc, the Vikers hardness [HV0.1] 
was determined, obtaining values between 1200 and 1300. 
The Young modulus, shear modulus and Poisson’s ratio were determined based on the 
propagation speed of longitudinal and transversal ultrasonic waves using impulse - echo 
method. The configuration of the two types of ceramic femoral heads are presented in Figure 
2.  
 
 
 



Table 2.  Mechanical characteristics of ceramic femoral heads taken into study 
ceramics diameter  

[mm] 
Density 
[kg/m3] 

Young 
modulus 
[GPa] 

Shear 
modulus 
[GPa] 

Poisson 
ratio 

observations 

Y-TZP 28 6060 210 82 0.28 Standard femoral head 
Y-TZP 28 5950 185 72.3 0.28 Incorrect synterized 

parameters 
Alumina 32 3860 380 147.3 0.29 Standard femoral head 
Alumina  32 3750 362 140.3 0.29 Incorrect synterized 

parameters 
Y-TZP 28 6060 - - - With cracks detected by 

penetrant liquid method 
 

Table 3 Characteristics for artificial cervical disc 
Sample  Type Density          

[g/cm3] 
Crack 

Y-TZP Plan convex artificial cervical disc 6.08 No 

Y-TZP Plan concave artificial cervical disc 6.00 No 
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Figure 2. Photos of the femoral heads a) Y-TZP;  b) Y-TZP with cracks;  c) Alumina. 
 
4. Experimental set-up 
 
The scheme of the measurement equipment is presented in Figure 3 and the photo in Figure 4. 
The US transducers are P111 0.06 P3.1 type, selected to work within the wide bandwidth. 
The transducers have their resonance point at  around 60 kHz frequencies. To avoid cross-
contamination of the samples with the coupling substance, the coupling through Hertzian 
contact was used [12], the buffer rods being made from 7056 T4 Al-Mg alloy.  
Agilent 4395A generates a sweep of frequency between 50kHz -2,2MHz for femoral heads 
and 50kHz-500kHz for artificial cervical discs, the signal being applied up to 180V amplitude 
in power amplifier and then applied to US emission transducer. The signal received by the 
reception transducer is digitized and memorized by the digital oscilloscope Wave Runner 
64Xi - Le Croy.  
The equipment synchronization is made with a function generator WW 1074 Tabor that 
generates the triggered signal. 



 
Figure 3. Experimental set-up- scheme 
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Figure 4. Experimental set-up: a) phot;  b) detail 
 
The command of equipment and the acquisition of the signal are made through a GPIB 
interface with software developed in Matlab 2009b, less the power amplifier of which 
command is made by its software through serial RS232 interface.  
The time interval in which the frequency swept is performed is 46 s, the signal detected by the 
reception transducer being sampled and quantized by the digital oscilloscope with a sampling 
rate of 500kS/s. The frequency spectrum was determined using fast Fourier transform (FFT). 
Due to the used sampling rate, the precision in the determination of frequency is 0.1Hz. 
 
5. Results and discussions 
 
The resonance spectrum has been measured for the ceramic heads and artificial cervical disc 
taken into study. In the range 10kHz-100kHz, the obtained results are inconclusive and 
therefore, only the resonance spectrum in the range 100kHz-500kHz will be described. For a 
better understanding of the ceramic femoral heads vibration modes, the eigen vibrations have 
been calculated using SolidWorks 2011, Toolbox Simulations. 
For alumina femoral head, a mesh of 36607 nodes and 25004 elements has been used, 
whereas for Y- TZP heads a mesh having 32596 nodes  and 22136  elements was employed. 
The oscillation eigenfrequencies were calculated using/based on the parameters set presented 
in table 2. 
Figure 5 is showing the resonance spectrum of alumina femoral head, synterized correctly in 
order to obtain 3860kg/m3 density as well as synterized incorrectly, the obtained density 
being 3750kg/m3.  



 
Figure 5. Resonant ultrasound spectrum for alumina femoral heads 

 
As observed, in the case of alumina femoral heads, if the density is lower than the prescribed 
one, the spectrum is displaced towards smaller frequencies; the amplitude of the peak has not 
of relevance for the quality control operations but only the corresponding frequencies. 
Figure 6 shows the vibration modes obtained by simulation, for the frequencies around 38 
kHz for the case of alumina femoral head correct synterized and respectively for the case 
when their density is smaller than the prescribed one. 

  
a b 

Figure 6. Vibrations modes for alumina femoral heads: 
a) 381280Hz, density of 3860kg/m3 ; b) 378670 Hz, density of 3750kg/m3 

 
For the case of Y-TZP femoral heads, having the properties described in Table 2, the 
resonance spectrum is presented in Figure 7, for both for the cases with designed  density and 
one where the density is smaller than the accepted one. 

 
Figure 7. Resonant ultrasound spectrum for Y-TZP femoral heads 

 



Figure 8 presents the vibrational modes obtained by simulation for 200 kHz, for density of 
6060 kg/m3 and 5950 kg/m3 respectively. 
In this case as previously observed, the resonance spectrum has smaller value if the density of 
the ceramic element is smaller. 
When a crack is present in the femoral head, (the sample being one with a normal density 
value), the resonance spectrum is implicitly modified (Figure 9). 
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Figure 8. Vibrations modes for Y-TZP femoral heads: 
a) 224000Hz , density of  6060kg/m3; b) 213410 Hz, density of 5950kg/m3  

 
Figure 9. Resonant ultrasound spectrum for Y-TZP femoral heads with cracks 

 
We can thus affirm that the resonant ultrasound spectroscopy can be used for the quality 
control of ceramic femoral heads; the methods allows both the detection of those elements of 
prosthesis incorrectly synterized  (detection based on density value  as comparison element) 
as well as  those which contain cracks. Due to the relatively complicated shape of ceramic 
femoral head, the elastic tensor cannot be determined with RUS method. This can only be 
done by sampling with a simple geometrical shape such as sphere, parallelepiped, etc. 
The resonance spectrum of an artificial plan convex cervical disc with normal density of 
6.08g/cm3 and those of the one with lower density of 6.00 g/cm3 is presented in Fig.10. 

 
Figure 10 . Ultrasound resonance spectrum for plan convex cervical disc 



The analysis of the data from above figure leads to the conclusion that in the case of artificial 
cervical disc the same tendency of displacing of the peaks frequency with the decreasing of 
density, thus the peak from 81.23kHz is displaced at 63.45kHz. in this case a supplementary 
pronounced peak appears at 268.31kHz frequency. 
 
Conclusions 
 
The Resonant Ultrasound Spectroscopy can be used for quality control of certain ceramic 
elements of prosthesis such as femoral heads and artificial cervical disc. If the elements are 
incorrectly synterized, with a density smaller than the designed value and the elastic and shear 
moduli smaller, the spectrum is displaced towards small frequencies reported to a reference 
spectrum of a correctly synterized prosthesis element. The presence of a crack implies a  
substantial modification of the resonance spectrum shape, reported to the reference one.  
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