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Abstract
This paper presents the resonant ultrasound spectroscopy method that allows, in principle, the 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. In the case of density changing, the spectral lines are displacing to smaller frequencies and in the
case of the cracks, supplementary peaks appear.
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1. Introduction
The number of the patients requiring and receiving biomedical implants to correct skeletal
defects and heal diseases is constantly increasing. Worldwide, large demand exists for load
bearing, hip, knee, cervical discs, dental endoprosthetic implants. Only in 2001, in the United
States and in Europe, more than 800,000 hip and knee arthroplasties are being performed, with
increasing tendency [1].
Total joint replacements has become a widely accepted treatment for many destructive joint
diseases,, including osteoarthritis rheumatoid arthritis, osteonecrosis and very severe pathologic
fractures. Of the total joint replacement, the two most commonly replaced joints are the knee and
the hip [2]. Of all the factors leading to the total hip replacement, osteoarthritis is the most
common, accounting for 65% of all total hips.
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.
This type of prosthesis is presented in Fig. 1.

Figure 1.Ceramic to ceramic total hip replacement

While the hip joint prosthesis has become a classical method, unanimous accepted, the
implant of the cervical artificial discs still represents an experimentally method.
The spinal column surrounds and protects the spinal cord. The spinal column is made up of
24 vertebrae, plus the sacrum of the coccyx. Each vertebra is separated by shock-absorbing discs.
These discs give the spine flexibility to move and bend. Nerves branch out from the spinal cord
and pass through openings in these vertebrae to other part of the human body. A cervical artificial
disc may be used in a patient who undergoes spine surgery to relieve pressure on nerves in the
spine.
In Fig. 2 is presented a pair of cervical artificial discs for prosthetic.

Figure 2. A pair of cervical artificial discs

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 this paper we propose the use of the resonant ultrasound spectroscopy (RUS) for the in
vitro evaluation of the quality of the femoral heads and of the artificial cervical discs.
2. Resonant ultrasound spectroscopy
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 [7].
Let Ω be an isolated body, that is, one bounded by a closed stress free surface. Let Cijkl be its
elastic stiffness tensor and let ρ be its density; both quantities may vary with position in Ω.
Let ω be a non-negative real number, and u ( r ) be a real valued function at position r in Ω.
Then, the combination {ω ,u } is a free oscillation or resonance if the real-valued displacement
field
(1)
S ( r , t ) = Re ( u ( r ) exp ( jωt ) )

where j = −1 , satisfies the elastic equations of motion in Ω and the stress-free boundary
condition on its surface [8].
The potential energy Ep associated with the displacement field u is given by the strain
energy
1
E p = ∫ Cijkl ∂ j ui ∂ l uk dV
(2)
2Ω
Where ui, i=1,2,3 are the Cartesian components of u and we are using Einstein convention for
summation. The corresponding kinetic energy Ek is given by
Ek = ω 2 k
(3)
1
where
(4)
k = ∫ ρui ui dV
2V
The quantity
I = ω2k − Ep
(5)

is stationery if and only if ω and u are a resonance of Ω . Let {Φ λ ( r ) , λ = 1, 2,..., N } be a set of
N specified functions over Ω

ui = ai ,λ Φ λ
(6)
If we insert the equations (6), (4,), (3) and (2) into (5), we obtain
(7)
I = ω 2α ⋅ k ⋅ α − α ⋅ E ⋅ α
where α is a vector comprising the juxtaposed components of ai ,λ . I is stationery if and only if

ω 2 k α = Eα

(8)
Eq. (8) is a standard form for the generalized symmetric eigenvalue problem.
We shall need to know how perturbations in the sample’s material properties, ρ and C, affect
its resonance frequencies.
We utilize Reyleigh’s Principle [9] which tells us how to compute the perturbed eigenvalues
of a perturbed hermitian operator without computing the perturbed eigenvectors.
If we perturb the matrices k and E in (8)
k → k +δk
(9)
E → E +δ E

And is possible to represent the perturbation in the squared frequency of the ith resonance by
ωi2 → ωi2 + δωi2
(10)
we can compute δωi2 from
δω =
2
i

α (i ) ⋅ (δ E − ωi2δ k ) ⋅α ( i )
α (i ) ⋅ k ⋅ α ( i )

(11)

where α ( i ) is the eigenvector associated with ωi2 . The eq. (11) shows that the modification of the
elastic properties, of the density and geometrical shape of a body lead to modification of the
position of the resonance maximum, and respective of the frequency of the eigenmodes of the
inspected object.

3. Studied samples
Femoral heads with 28mm diameter and cervical discs made from tetragonal zirconium
polycristal having molar composition 97% ZrO2 and 3% mol Y2O3 (Y-TZP), Fig. 3.

Figure 3. Femoral head

In Table 1 we present the principal physical-mechanical properties of the Y-TZP, comparative
with the bone [10].
Table 1. Physical-mechanical properties
Properties
Density [g/cm3]
Young modulus [GPa]
Compressive strength [MPa]
Flexural strength [MPa]
Fracture toughness  MPa m 




Y-TZP
6.08
210
2000
900
7÷9

Bone
1.7÷2
3÷30
130÷180
100
2÷12

Supplementary, at the studied samples, the Vikers hardness [HV0.1] was determined, obtaining
values between 1200 and 1300. The implants were manufactured according to [11] and [12]. The
studied samples are presented in Table 2
Table 2. Studied samples
Sample no. Type
1
Femoral head
2
Femoral head
3
Femoral head
4
Plan convex artificial cervical disc
5
Plan concave artificial cervical disc

Density[g/cm3]
6.08
6.00
6.08
6.08
6.00

Crack
No
No
Yes
No
No

4. Experimental set-up
The principle scheme of the equipment used for RUS of the femoral head and artificial
cervical disc is presented in Fig.4 and a photo of the equipment is presented in Fig. 5.
The US transducers are P111 0.06 P3.1 type, being selected so that they should be best
damped, to can work in wideband.
The transducers present resonance around 60 kHz frequencies, this being weak due to
damping. To avoid the contamination of the samples with the coupling substance, the coupling
through Hertzian contact was used [13] the buffer rods being made from 7056 T4 Al-Mg alloy.
Agilent 4395A realizes a swept frequency between 50kHz -2,2MHz for femoral head and
50kHz-500kHz for artificial cervical discs, the signal being applied until 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 synchronization of the equipments is made with a function generator WW 1074 Tabor
that generates the trigger signal.

Figure 4. Scheme of the experimental set-up

a
b
Figure 5. a) Experimental set-up;b)detailed view of the assembly transducers - sample

The command of equipments and the acquisition of the signal are made through a GPIB
interface with software developed in Matlab 7.0, 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. Experimental results
In Fig, 6 is presented the ultrasound resonance spectrum for a femoral head with normal
density, of 6.08g/cm3 and respective 6.00g/cm3, density lower than the normal one.

Figure 6. . Ultrasound resonance spectrum for femoral head

Analysing the data from the above figure, it can be observed that for the case of femoral head
with the density lower that the normal density, the resonance frequency is modified thus:
- the peak corresponding to the frequency 185.23kHz is displaced at 178.03kHz
- the peak corresponding to the frequency 528.01kHz is displaced at 513.47kHz
- the peak corresponding to the frequency 600.24kHz is displaced at 580.71kHz.
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.7.

Figure 7. 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.
Figure 8 presents the resonance spectrum for a femoral head with normal density and those
of a femoral head that presents a crack in the region of the fixing inlet, emphasized by the
method of penetrant liquid (Fig. 9.)

Figure 8. . Ultrasound resonance spectrum for a femoral head without and with crack

Figure 9. Crack on the femoral head emphasized with penetrant liquid.

The characteristic of the spectrum corresponding to the femoral head with crack is
represented by the apparition of a supplementary peak at the frequency of 489.13kHz. Also, the
presence of the crack has the tendency to uniform the amplitude of the multiple peaks.
The coupling by Hertzian contact of the ultrasound transducer with the examined samples,
although is difficult to perform, will allow the easily testing in vivo.
6. Conclusions
The RUS method can be utilized at noninvasive evaluation of the prosthetic femoral head and
artificial cervical disc, allowing the detection of some small modification of the density of YTZP. If the density decreases under the normal density, some of the peaks of the RUS are
displacing to smaller frequency.
The presence of cracks lead to the apparition of supplementary peaks and to the uniform
becoming of the amplitude corresponding to the excited complex modes, the changing in the
RUS spectrum being different from those due to the variation of the density.
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