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ABSTRACT 
In total hip arthroplasty, judgment of the appropriateness of stem hammering is dependent 
on the experience and feelings of the surgeon and no objective evaluation method has been 
established. In this study, a frequency analysis of the hammering sounds in total hip arth-
roplasty was performed to investigate objective judgment criteria capable of preventing 
problems during surgery. Stem hammering was applied following the surgeon’s feelings as 
usual in an operating room. A directional microphone was placed at a distance about 2 m 
from the surgical field and the peak frequency reaching the maximum amplitude was de-
termined by Fourier analysis. It was clarified that the same peak frequency repeats when 
appropriate fixation is acquired during surgery, suggesting that intraoperative fracture and 
postoperative loosening can be prevented by stopping hammering at the time the peak fre-
quency converged. Investigation of changes in the hammering sound frequency may serve as 
objective judgment criteria capable of preventing problems during surgery. 

 

1. INTRODUCTION 
In cementless fixation of total hip arthroplasty, when hammering counts are not sufficient, fixation 

failure, such as loosening, is of concern [1, 2]. When the hammering frequency is increased to prevent fix-
ation failure, the risk of intraoperative fracture increases [3]. Many cases of intraoperative fracture caused 
by excess hammering have been reported and the incidence is 28%, being high [4-7]. However, in the cur-
rent situation, judgment of the appropriateness of hammering is dependent on the experience and feelings 
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of the operators and no objective evaluation method has been established [3]. 
In the engineering field, there are two analysis methods of externally observing the inner structure of 

objects: the vibration analysis method in which vibration is added to an object and the vibration frequency 
is analyzed, and the acoustic analysis method in which the frequency of sounds generated by hitting an 
object is analyzed [8, 9]. In the vibration analysis method, an accelerometer is set to the object and vibra-
tion acceleration is measured and analyzed. Highly accurate analytical results are acquired, because the 
vibration of the analytical object is directly detected, being advantageous, but setting an accelerometer to 
the object is necessary, being disadvantageous [10]. In the acoustic analysis, sounds generated by the object 
are collected using a microphone and analyzed [11, 12]. Sine sounds propagate through the air and it is 
not necessary to set a device to the object, being advantageous.  

To observe hip stem fixation, the vibration analysis method has been employed in which vibration 
was added to the stem and the frequency was analyzed [13-17]. Rosenstein et al. reported that stem fixa-
tion in the femur could be evaluated by the vibration analysis method [18]. Pastrav et al. performed in vivo 
vibration analysis and concluded that focusing on changes in the frequency is useful to evaluate stem fixa-
tion at the time of insertion [15]. However, in vibration analysis performed by Pastrav et al., an accelero-
meter is attached to the hammer used in surgery, for which slipping into the patient’s body is of concern. 
In contrast, the frequency can be non-invasively analyzed, being advantageous [18]. 

In this study, hammering sound analysis was performed using the frequency during total hip arth-
roplasty. Hypothesizing that specific changes in the frequency occur when fixation between the stem and 
femur is acquired and stopping hammering at this point prevents intraoperative fracture and loosening, 
we investigated objective judgment criteria capable of preventing intraoperative fracture and loosening by 
hammering sound analysis.  

2. MATERIALS AND METHODS 
This study has been approved by the institutional review board (IRB) of the organization to which the 

author belongs (IRB approval number: B11-93, B16-239). The subjects were 16 patients (16 joints) who 
underwent total hip arthroplasty at Kitasato university hospital between October 2012 and November 2017 
(7 males and 9 females, mean age: 71.6 years old). Surgery was performed by surgeons specialized in the 
hip with 20 years or longer experience. In a sound collection environment in an operating room (Figure 
1), stem hammering was performed following the feelings of the operators as usual. 

The sound collection system was comprised of a directional microphone (F-P 5500, Sony, Japan), 
dual-channel sensor amplifier (SR-2200, Onosokki, Japan), digital storage scope (DSO-2250 USB, Hantek, 
China), and laptop computer (Endeavor NJ1000, EPSON, Japan) (Figure 2). The directional microphone 
was set at a distance about 2 m from the surgical field and sounds were recorded from the initiation to 
completion of stem hammering by an operator. The hammering sounds collected by the directional mi-
crophone were subjected to Fourier analysis and the peak frequency reaching the maximum amplitude 
was acquired in each hammering. The specific frequencies of the stem and inserter were removed from the 
acquired values. 

Focusing on time-course changes in the peak frequency at a hammering count, when an equivalent 
value continued at consecutive hammering counts, it was defined as convergence and others were defined 
as divergence. To determine the definition of convergence, the deviation of the peak frequency before the 
hammering count and convergence from the corresponding peak frequency was investigated.  

3. RESULTS 
Non-equivalent peak frequencies repeating an increase and decrease were defined as divergence 

(Figure 3). An equivalent peak frequency continued in 15 of the 16 joints, showing convergence. In the 
convergence group, an increase and decrease repeated from immediately after stem insertion in all cases 
and the peak frequency was finally within a constant deviation of 5.18 ± 2.37 times on average, in which 
the mean peak frequency was 3.39 ± 1.90 kHz.  

https://doi.org/10.4236/jbise.2020.135007


 

 

https://doi.org/10.4236/jbise.2020.135007 76 J. Biomedical Science and Engineering 
 

 
Figure 1. Sound collection environment. 

 

 
Figure 2. Sound collection device. 

 

 
Figure 3. Hammering count and the peak frequency showing divergence. 
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The deviation of the converged peak frequency was determined. When the same peak frequency to 3 
decimal places was repeated in 7 joints, the deviation was regarded as 0 (Table 1). In one of the examples 
shown in Figure 4, convergence was noted at the 12th to 14th hammering count, and the deviation of the 
peak frequency among the 3 hammering counts was 0. 

An equivalent peak frequency within a peak frequency range of ±0.05 kHz was noted in 15 joints. 
When a deviation of a peak frequency of ±0.02 kHz was defined as constant, the convergence and 
non-convergence groups included 13 and 2 joints, respectively. When a deviation of a peak frequency of 
±0.01 kHz was defined as constant, the convergence and non-convergence groups included 11 and 4 
joints, respectively. Figure 5 shows convergence from the 6th to 10th hammering and the deviation of the 
peak frequency of the 5 hammerings was ±0.02 kHz.  
 
Table 1. Converged peak frequencies, the deviation and hammering count. 

Converged peak frequencies 
(kHz) 

Deviation of the converged peak 
frequencies (kHz) 

Hammering count of converged peak 
frequencies (times) 

0.10 ±0.02 5 
0.33 ±0.01 6 
0.66 ±0.00 3 
1.00 ±0.00 5 
1.78 ±0.00 10 
1.92 ±0.00 4 
2.10 ±0.00 4 
2.50 ±0.05 9 
2.69 ±0.00 7 
2.80 ±0.01 6 
4.00 ±0.00 5 
4.00 ±0.01 7 
4.44 ±0.01 4 
6.00 ±0.02 4 
6.20 ±0.05 4 

 

 
Figure 4. Hammering count and the peak frequency showing convergence. 
The deviation of the peak frequency among the 3 hammering counts was 0. 
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Figure 5. Convergence was shown between 6 and 10 hammering counts. 
The deviation of the peak frequency during this period was ± 0.02 kHz. 

4. DISCUSSION 
Jaecques et al. clarified that changes in the peak frequency disappeared as the stem was inserted into 

the femur in a study using simulated bone [13]. In a clinical study using in vivo bone, the peak frequency 
became constant at 7 kHz [19]. In our study, a constant peak frequency was noted at a high rate, suggest-
ing that adoption of a specific peak frequency to alert to stop hammering is useful.  

It was suggested that this method may be used as a stem fixation evaluation method, as in the vibra-
tion analysis method. In addition, real-time sound analysis during surgery is expected to prevent intra-
operative fracture, for which a system giving an alert when an equivalent peak frequency continues at spe-
cific times. Regarding the definition of constant, since no failure occurred in any case, there may be no 
problem to a make a judgement setting the deviation at 0.05 kHz. Since the safety factor S of the medical 
devices is 2, a frequency C of 2 - 3 was estimated to be valid to start an alert from a mean count of 5.18 at 
the constant peak frequency using the formula below [20]. 

S = 5.18/C = 2.59 

The increase and decrease in the peak frequency repeated before convergence may have been due to 
stem movement in the bone in which the stem and femur were unstable and the stem unevenly contacted 
the femur. In a case showing divergence, there may have been a margin to further continue hammering. 
However, no sinking or loosening was noted after surgery and fixation was favorable in this case.  

Regarding limitations of this study, the deviation was regarded as 0, but there should be a difference 
when the order is reduced. However, since the final objective is to prepare a system for surgeons to pre-
vent problems during surgery, we set a difference able to be confirmed at the order of kHz as a criterion. 
To clarify the converged peak frequency, quantitative measurement is necessary, for which the bone qual-
ity of the subjects should be uniformed. It is necessary to use simulated femur bone because there is indi-
vidual variation in in-vivo bone or a patient’s femur with bone quality clarified by DEXA [21].  

5. CONCLUSIONS 
It was clarified that the peak frequency converges when appropriate fixation is acquired during sur-

gery. It was suggested that intraoperative fracture and loosening can be prevented by stopping hammering 
at the time the peak frequency converges. Changes in the hammering sound frequency may serve as objec-
tive judgment criteria to prevent intraoperative problems. 
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