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ABSTRACT
When a stem is inserted into the femur during total hip arthroplasty, sufficient fixation depends on the surgeon’s experience. An objective method of evaluating whether the stem has
been correctly fixed may aid clinicians in their decision. We examined the relationship between the sound frequency caused by hammering the stem and the internal stress in artificial femurs, and evaluated the utility of sound frequency analysis to prevent intraoperative
fracture. Surgeons inserted one of two types of cementless stems (SL-PLUS and modified
CLS) using routine operational procedures into 13 artificial femurs. These are the standard
Zweymüllers used in Europe. The difference is the lateral shape; SL-PLUS has holes for removal and the modified CLS has fins to prevent rotation. We estimated stress in the femur
via finite element analysis, measured the hammering force, and recorded the sound of
hammering for frequency analysis. Finite element analysis revealed that the hammering
sound frequency decreased as the maximum stress increased. A decrease in frequency suggested that fixation was sufficient and that continued hammering would increase the risk of
fracture. Thus, evaluation of the change in sound frequency during stem insertion may indicate when the hammering force should be reduced, thereby preventing intraoperative periprosthetic fractures. Further frequency change may also predict fractures prior to visual
confirmation. We concluded that sound frequency analysis has potential as an objective
evaluation method to help prevent intraoperative periprosthetic fractures during stem insertion.
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1. INTRODUCTION
Cementless fixation for total hip arthroplasty has been increasingly performed in recent years.
Time-saving techniques are particularly important for the elderly and patients with cardiopulmonary
complications [1]. However, Moroni et al. reported intraoperative femur fractures in 4.1% to 27.8% of patients undergoing cementless fixation [2, 3], which can delay the start of postoperative rehabilitation and
inhibit patients’ ability to resume normal daily activities [4, 5].
In cementless fixation, surgeons believe intense hammering is necessary to achieve a strong fix between the stem and femur. At present, the assessment of fixation state depends on the experience and
judgment of the surgeon, and intraoperative fractures are unavoidable. Experience suggests that the hammering sound changes as the stem is inserted, and the relative positions of the stem and femur change.
Pastrav et al. (2009) and Sakai et al. (2011) suggested that frequency analysis of the sound generated by
hammering the stem can be an objective evaluation of stem fixation [6, 7].
As no special equipment for sound frequency analysis during stem insertion has been developed, we
used commercially available equipment in the present and previous studies. We previously compared the
hammering sound frequency and maximum stress in artificial femurs [7, 8]. In this study, we investigated
the relationship between sound frequency and stress as a stem insert was hammered into an artificial femur, and identified changes that may occur just before periprosthetic femur fracture.

2. METHODS
2.1. Materials
Of the fifteen artificial femurs (Sawbones, USA, WA) initially examined, those that were fractured
during medullary cavity formation or where stem insertion had caused sinking were excluded, leaving
thirteen for sound frequency analysis. Two Zweymüller-type cementless stems differing in shape were
used: the SL-PLUS (Smith & Nephew KK, Japan) and the modified CLS (AI-HIP, Aimedic, Italy). The
stem size was determined by specialist hip orthopedists after implant templating from X-ray films of the
test femurs. Size 12 was considered suitable, but the size was fixed ideally to prevent bone fracture. Therefore, stems that were three sizes larger were selected.
2.2. Hammering Sound and Force
Each artificial femur was fixed in a vice mounted on an experimental table (Figure 1(a)). A digital
camera (Lumix DMC-FZ50, Panasonic, Japan) was placed to the side with a load sensor (LMR-S-20KN
SA2-P, Kyowa, Japan) attached to the stem inserter (Figure 1(b)), and a microphone (F710, Sony, Japan)
was placed 1 m from the contact plane between the stem inserter and hammer. The femoral cavity was
prepared by routine procedures, and the stem was inserted by an orthopedist with more than ten years of
experience. Although the number of hammer impacts for stem insertion was not set, hammering continued until the femur fractured. After each impact, the posterior surface of the femur was photographed using the digital camera (Lumix DMC-FZ50, Panasonic, Japan).
The hammering force was defined as the force on the contact plane between the stem inserter and the
hammer. Output from the force sensor was recorded by a measurement control computer (LaVieLJ700/E,
NEC, Japan) using a dynamic strain meter (DPM-603A, Kyowa, Japan) and a digital storage oscilloscope
(DSO2250, Labros, Japan). From data input into the computer, power spectra of hammering sounds were
obtained using a Fourier analysis software package (Nov@TEK v.6.10.1, Labros, Japan) and changes in the
peak frequency of the maximum amplitude were clarified.
2.3. Finite Element Analysis
A finite element model composed of the femur, stem, and stem inserter was constructed using
LS-Prepost 2.4 (Livemore Software Technology Corporation, CA, USA) with hexahedral isoparametric
https://doi.org/10.4236/jbise.2020.136011
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elements (Figure 2) [9, 10]. The material properties of the femur, stem and inserter used in the model are
shown in Table 1 [11, 12].
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Figure 1. Experimental arrangement. Hammering of a hip stem
through an inserter. (a) Attachment of the artificial femur and
position of the microphone. (b) Position of the load sensor.
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Figure 2. Computational model showing three-dimensional finite
elements. The stem was implanted in the femur. The arrow
indicates the load direction. The distal end of the femur was
constrained in all directions.
Table 1. Properties of materials used in the finite element model.
Properties
Material

Coefficient of
elasticity
(GPa)

Yield stress
(GPa)

Poisson’s ratio

Mass density
(g/cm3)

Femur

10.0

0.17

0.37

2.3

Stem

105

0.95

0.30

4.5

Inserter

20,000

20

0.30

290
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Dynamic explicit finite element analysis was performed using LS-DYNA ver. 971 (Terrabyte, Japan)
software running on an Endeavor Pro-4500 (Epson, Japan) desktop computer. The measured hammering
force was used as a loading condition and internal stress in the femoral model was estimated using the following equation:

f = σx,y,zA
where f is the measured hammering force, σ is internal stress, and A is the contact area of the medullary
cavity and stems. This model used the measured hammering force as a loading condition, and estimated
the internal stress in the femur and the maximum stress generated by each hammer strike.

3. RESULTS
The high stress areas were distributed in a wide area on the femoral diaphysis following SL-PLUS insertion (Figure 3(a)). The high stress area was distributed in the proximal femur following the modified
CLS insertion (Figure 3(b)).
With the SL-PLUS, the peak frequency of the hammering sound decreased to 2.2 kHz compared with
the value of 4.4 kHz immediately after stem insertion, and the frequency slightly increased thereafter. Immediately after the decrease in peak frequency, the Von Mises stress inside the femur estimated by finite
element analysis increased (Figure 4) and exceeded the yield stress of cortical bone.
With the modified CLS, the peak frequency of the hammering sound decreased to 2.0 kHz compared
with the value of 4.4 kHz immediately after stem insertion. After the decrease in the peak frequency, the
Von Mises stress inside the femur obtained by finite element analysis exceeded 170 MPa [11], which is the
yield stress of cortical bone (Figure 5).
The characteristics of the change in sound frequency according to the number of hammer strikes differed depending on which stem was used; with both stem designs, the peak frequency decreased initially,
but the internal stress of the femur exceeded the yield stress of cortical bone before the confirmation of
fracture.
(a)

(b)
von
Mises
stress
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0
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Figure 3. The von Mises stress distribution at the
time of fracture determined by the simulation. The
red area indicates regions with high von Mises
stress. (a) SL-PLUS stem. (b) Modified CLS stem.
https://doi.org/10.4236/jbise.2020.136011

116

J. Biomedical Science and Engineering

Peak frequency
von Mises stress

5

300

4

200

3
2

100

1
0

1

4
8
12
Number of Impacts [time]

16

0

von Mises stress
[MPa]

Peak frequency
[kHz]

6

Figure 4. Changes in the von Mises stress and the peak
frequency when an SL-PLUS stem was inserted into a femur.
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Figure 5. Changes in the von Mises stress and peak frequency
when a modified CLS stem was inserted into a femur.

4. DISCUSSION
The change in hammering sound is due to the natural frequency of an object being inversely proportional to its length, and the length decreases as the stem is inserted. Before fixation, the peak frequency is
only affected by the length of the stem, but as insertion progresses, the sound frequency is affected by the
natural frequencies of both the stem and the femur.
Therefore, the decrease in peak frequency may reflect sufficient fixation of the stem to the femur. For
both insert designs, a decrease in peak frequency of approximately 3000 Hz suggested that fixation was
sufficient; further hammering and insertion may increase the risk of bone fracture. Thus, periprosthetic
fracture may be prevented by stopping the impact when the peak frequency begins to decrease.
In both cases, the finite element analysis revealed that the stress at the fracture site exceeded 170 MPa,
which is the cortical bone yield stress, before femur fracture was confirmed [11]. Therefore, it may be
feasible to predict intraoperative fracture during insertion by performing finite element analysis in conjunction with sound frequency measurement.
We consider the difference in the patterns of hammering sound frequency exhibited by the two stems
to be due to differences in the stem designs. Although both stems have a rectangular cross-section, the
modified CLS stem has three fins, whereas the SL-PLUS stem has five holes. The pattern of the peak frequency of hammering sound may also vary with stem design.
Several limitations in the present study must be discussed. The artificial femurs used may have affected the susceptibility of the femurs to fracture, i.e., the artificial femurs may have increased the risk of
fracture; this may have been the reason for fracture by a smaller number of hammer impacts in previous
cases [13, 14].
https://doi.org/10.4236/jbise.2020.136011
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5. CONCLUSION
We found that the peak frequency produced by hammering during stem insertion decreased immediately after the first impact and before periprosthetic fracture, and that the pattern of frequency change
differed with the artificial model of the stem insert. These findings may be useful for assessing fixation and
predicting fracture risk in clinical settings.
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