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Abstract

A suspicion of a femoral neck fracture is a frequently recurring situation, especially in nursing
homes. For the clarification of such a suspicion normally imaging techniques are used. Such
equipment is expensive and therefore is located in hospitals. In addition to the costs, a transport
causes stress for the patient. This pilot study is devoted to the question whether the detection of a
femoral neck fracture with vibration measurements is possible in principal. In such a case, the
clarification could be done on-site by an ordinary person using much cheaper equipment. This
would reduce the stress for the patient and save money. For this purpose vibration measurements
on a dead body with intact, with partially fractured and with complete cut femoral neck have been
performed. Two different methods for the vibration initiation have been investigated, the so called
impact testing and the shaker testing. The frequency response function has been determined for
all combinations on both sides of the body. It turned out that there is a clear difference in the fre-
quency response functions of the fractured bone with respect to the intact bone when shaker
testing is used. This indicates that the method could have the potential to be a cost-saving alterna-
tive to imaging techniques. However, in a next step a statistically reliable clinical survey on living
persons needs to be done.
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1. Introduction
The vibrations of a solid body can be characterized by its resonant frequencies and the according deflection
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shapes which are called vibration modes, see Maia [1] and Ewins [2]. The latter quantities are mainly system
parameters which are dominated by a body’s stiffness and mass distribution. A crack inside a solid body
represents a change in stiffness which may lead to a change in the resonant frequency (=eigenfrequency) and in
the mode form. This observation is applicable to bones as well. This work is devoted to an answer on the ques-
tion, whether a femoral neck fracture modifies the bones eigenfrequencies so much that it can be measured. If so,
it would be possible to detect a femoral neck fracture based on vibration measurements. Such a tool would be
much cheaper as imaging based techniques and it could be applied on-site by an ordinary person without moving
the patient to another place.

The basic idea to use vibration measurements as an indicator of a bones condition is not new. A review on this
approach from its beginning up to 1995 can be found in the review of Nokes [3]. In case of the tibia a lot of re-
search confirms that the eigenfrequencies are significantly influenced by a fracture and the subsequent frac-
ture-healing, see Cunningham et al. [4], Tower et al. [5], Nokes et al. [6], Benirschke et al. [7] and Nakatsuchi
[8]. In most of the cases the frequency response function has been investigated which is a generalization of ei-
genfrequencies. Based on the same idea it has been investigated whether the status of integration of implants can
be detected based on vibration date, see Cairns [9] and Cairns et al. [10]. In general it can be observed, that there
was less focus on the femur as on the tibia. A femur related research can be found from Denker and Moberg [11]
where the detectability of soft tissues between fractured bones has been investigated. Lappi et al. [12] deter-
mined some physical properties of the femur based on vibration measurements. Thomas et al. [13] observed in
1990 that the femurs eigenfrequencies depend on the amount of axial preload. Khalil et al. [14] performed vi-
bration measurements on the embalmed human femur in order to document its vibrational characteristics. Based
on the measurement data a mathematical model has been developed in order to compute the mode shape of a
particular eigenfrequency. Investigations with respect to femoral neck fractures have been done by Misurya et al.
[15] and Jawad, Odumala and Jones [16]. In the latter publication a vibrating tuning fork has been placed on the
patella and arrived vibrations at the anterior superior iliac spine (ASIS) have been measured. It has been tried to
detect the fracture by a comparison of the vibration amplitudes. It turned out, that there was a significant ampli-
tude reduction when comparing normal to fractured hips.

The objective of this work is similar as the one of Jawad, Obdumala and Jones [16]. In contrast to the latter
publications frequency response functions have been used. It is known from mechanical engineering, that such
functions are much more meaningful as time data, see Maia [1] and Ewins [2]. The goal of this pilot study is to
see whether there is a significant change in the frequency response functions of a dead body’s femur with and
without neck fracture. If so, further investigations make sense in order to set up a clinical relevant procedure.

2. Patients and Methods

The identification of frequency response functions (FRFs) is a standard procedure in structural dynamics, see
Maia [1] and Ewins [2]. For its determination a structure has to be excited at a certain point A to vibrate. The
induced force is called input. The so called output is the reaction of the structure at a point B. In our case this
reaction is an acceleration. Note that point A may be equal to point B (or not). The input and the output signal
are simultaneously measured. In a next step the recorded signals are transformed from the “time domain” into
the “frequency domain”. This is done by discrete Fourier transformation, see e.g. Sundararajan [17]. In the fre-
quency domain the signals aren’t sorted with respect to their chronological order but with respect to their “rapid-
ity”. This may not be that intuitive as the representation in the time domain but it is much more meaningful. A
FRF can be interpreted as the quotient of output and input in the frequency domain. Note that the actual compu-
tation of a FRF is more sophisticated, but for the application of this technique the former explanation is suffi-
cient. Obviously the FRF is a quantity in the frequency domain as well. Therefore it is a complex quantity. For
its representation two quantities are necessary. The real part and the imaginary part have to be given or the am-
plitude and the phase. In this publication we use the second representation. In structural dynamics the so called
“hammer testing” and “shaker testing” are well established.

In case of hammer (or impact) testing a hammer is used in order to induce vibrations in the structure, see
Figure 1. A so called “modal hammer” is used which is equipped with a sensor, so that the induced force can be
measured. In order to get a better repeatability a piece of iron sheet is pressed on the epicondyluslateralis (=
Point A) via two cable retainer. Two FRFs have been determined because the patella and the epicondylusmedia-
lis have been considered as output locations (=Point B). The sensors have been applied by hand which is suitable
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Figure 1. Hammer testing, sensor at patella.

up to a frequency of 1000Hz, see Ewins [2]. For each valid FRF five impact tests have been performed and av-
eraged.

In case of shaker testing an electromechanical vibrator is used in order to induce vibrations in the structure.
The vibrating part of the shaker is connected with the structure, see Figure 2. In this connection link a force
sensor is mounted in order to get the time signal of the induced force. The connection link is fixed onto a piece
of iron sheet which is pressed on the epicondyluslateralis (=Point A) via two cable retainer. For a better stability
and repeatability a ground plate has been used. The shaker was fixed on the ground plate and the lower leg was
fixated on that plate by means of a band. A sine sweep has been selected as excitation signal for the shaker. The
sine sweep started at 40 Hz and the frequency has been continuously increased up to 800 Hz. Three FRFs have
been determined because the patella, the epicondylusmedialis and the ASIS have been considered as output lo-
cations (=Point B). The third output location has been chosen in order to get a comparison with the work of Ja-
wad, Obdumala and Jones [16]. Again, the sensors have been applied by hand.

Impact testing is cheaper, quicker and simpler as shaker testing. On the other hand, shaker testing is more ac-
curate especially in case of non-linear and highly damped systems. For this pilot study both methods have been
applied in order to identify the better one for that kind of problem.

The used hardware can be found in Table 1. The software routines for LabView have been provided by the
support of National Instruments, Austria.

The dead body was provided by the Division of Clinical and Functional Anatomy of the Medical University
in Innsbruck, Austria. It was a body of a male, died with 75 years due to a colon carcinoma. There was no ab-
normality and a bland anamnesis in the region of the femur. The first measurements have been done with the in-
tact bone. For the next measurements the surrounding tissue has been opened and the femur was partially frac-
tured by an osteotom (some kind of crosscut saw). The bone (femur) was partially sawed in approximately
semi-diameter nearby femoral neck by the surgeon. This was done by experience and no measurements on the
actual destruction have been performed. The final measurements have been performed on the totally cut through
femoral neck. All the measurements (shaker and hammer testing) have been performed on the right and the left
side. At each stage of fracture and with each method three FRFs have been measured.

3. Ethics

The project with the registration number E-11-13 (2.1.5) has been approved by the Upper Austrian Ethic Com-
mission (http://www.ooe-ethikkommission.at). The project was permitted without any objections on the 29th of
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Table 1. Hardware.

Description Company Model Number
Shaker LSD V201/3-PA25E
Impact Hammer PCB 086C03
Acceleration Sensor Kistler 8702B25
Force Sensor PCB 208C01
Data Acquisition NI cDAQ-9178 with Input Module N19234
Output (Sine Sweep for Shaker) cDAQ-9178 with Output Module N19263

Figure 2. Shaker testing, Sensor at patella, at epicondylusmedialis and at anterior superior iliac spine (left to right).

4. Results

From the literature it is well known, that the repeatability is given for this kind of measurements, see Benirschke
[7] for the tibia and Jurist [18] for the ulna. At first we verified/controlled our procedure weather it delivers re-
producible data or not. Five test persons have been accompanied for several weeks and the hammer testing as
well as the shaker testing has been performed several times. It turned out, that our set up delivers reproducible
FRFs.

During all measurements it could be observed, that the FRF is trustworthy up to max. 800 Hz. This value has
been concluded by the evaluation of the coherence function, see Maia [1] and Ewins [2]. The coherence function
has been provided automatically by the used software and it is an indicator of the quality of an FRF.

Figure 3 and Figure 4 contain the hammer testing FRFs obtained by the measurements off the dead body.
Figures 5-7 contain the shaker testing FRFs. The black curves are the FRFs of the intact bone, the grey ones are
the FRFs of the partially fractured bone and the dashed light grey curves hold FRFs of the totally cut through
femoral neck.

5. Discussion

The FRFs of Figures 3-7 lead to the following two main conclusions:

* The FRFs obtained by impact testing (Figure 3 and Figure 4) do not indicate a clear change due to the frac-
tured femoral neck.

* The shaker FRFs (Figures 5-7) are considerably different in case of an intact or a broken femoral neck. For
all three FRFs the differences become significant at 250 Hz and higher. It is interesting that the FRFs of the
broken bone tend to higher values. That means that the mobility of the femur increases due to the fracture for
frequencies higher as 250 Hz.

It is well known from literature that the shaker delivers more reliable results in case of non-linear of highly
damped systems, see Ewins [2]. Both are true for the femur in-vivo. The non-linearity can be concluded from
the observation of Thomas [13] which says that the eigenfrequency depends on the longitudinal loading of the
bone. The high damping of imbedded bones is documented by several publications, see Bediz et al. [19], Van der
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Figure 3. FRFs at epicondylusmedialis-Hammer testing of left and right leg.
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Figure 5. FRFs at epicondylusmedialis-Shaker testing of left and right leg.

Perre et al. [20] and Tsuchikane et al. [21]. Cairns et al. [10] observed a better result quality of the shaker me-

thod as well, even by in-vitro measurements.

One can receive the impression that the FRFs (shaker and hammer) obtained on the epicondylusmedialis do
have the best quality in terms of amplitude and noise. This is not surprisingly because both, input and output are
close together and directly located on the surface of the femur itself. This is not true when the FRF is determined
on the patella or on the ASIS.

There is no consent in the literature whether the properties of the left and the right leg should be similar. Kha-
lil et al. [14] observed significant differences on the embalmed femur whereas Benirschke [7] did not observe a
remarkable difference on the tibia in-vivo. In our case it is to report that the surgeon recognized a difference in
the length of the left and the right femoral neck. There was no remark on that in the person’s case history and
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Figure 7. FRFs at ASIS - Shaker testing of left and right side.

there was no grain in the area of the femoral neck. Maybe there was an unknown old fracture of the femoral
neck. Consequently, the reason for this difference is not known and no general conclusion can be drawn on the
symmetry of the measurements. But the conclusion that a fracture leads to significantly different FRFs still holds.

Figure 7 needs to be discussed in the context of the observations of Jawad, Obdumala and Jones [16]. There a
vibrating tuning fork is pressed on the patella. The first eigenfrequency of this tuning folk was at 128 Hz. The
thereby induced vibrations have been measured at the ASIS. It has been tried to detect the fracture by a compar-
ison of the vibration amplitudes in case of a fractured and intact femoral neck. It turned out, that there was a sig-
nificant amplitude reduction about a factor of 2 when comparing normal to fractured hips. Such a tuning folk is
basically a shaker vibrating with one single frequency, even 128 Hz. One significant advantage of the FRF ap-
proach is that instead of one frequency an entire frequency band (40 Hz to 800 Hz) is considered. This leads to
much more information and Figures 5-7 indicate that frequencies higher as 250 Hz are better suited to detect a
fracture. Another advantage of the FRF method is its objectivity. This is based on the fact, that the FRF is the
quotient of output and input and not only the output, as it is the case in the publication of Jawad et al. [16]. If,
for example, the input is twice as high as at another time, the FRF will lead to the same result whereas the output
measurement only, will not. However, Jawad et al. [16] observed a reduction at about a factor of 2. This is
equivalent to 6 dB when FRFs are used. The FRF value on the right leg of Figure 7 with broken femoral neck is
indeed smaller than the one with intact one. On the left leg, no significant difference in the FRFs can be ob-
served at 128 Hz. All other FRFs have at 128 Hz a tendency to an amplitude reduction due to the fracture. Con-
cluding it can be said, that the measurements indicate the most significant differences at higher frequencies and
the shaker method is a generalization of the tuning fork method with significant more information.

Based on this promising pilot study a prototype of a device needs to be designed so that a statistically assured
field study on living persons is possible.
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