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ABSTRACT 
Background: The 1st peak frequency of the hammering sound in total hip arthroplasty may 
serve as an evaluation index to prevent intraoperative fracture. Fixation of the stem and 
femur cannot be acquired unless the 1st peak frequency of hammering the stem into the 
femur stabilizes, and fixation can be judged as acquired when the 1st peak frequency be-
comes constant. To investigate whether the environmental sound in the operating room can 
be differentiated from the hammering sound of total hip arthroplasty, the 1st peak fre-
quency of the hammering sound when impacting the stem into the femur with a hammer 
was identified. Method: The hammering sound of impacting the stem into a biomechanical 
test material through an impactor was analyzed using a fast Fourier transform analyzer. 
Environmental sound in the operating room was simulated and the 1st peak frequency of 
the sound on collision between the operator’s voice and the surgical instrument was meas-
ured. The 1st peak frequency of hammering sound was compared between patients indicated 
for total hip arthroplasty and healthy individuals to investigate whether there is a difference 
due to bone quality. Results: The natural frequency of the impactor was 3.41 ± 0.05 kHz, and 
the 1st peak frequency of the femur, stem, and impactor was 2.43 ± 1.45 kHz. The 1st peak 
frequency of hammering sound on simulated femur in patients indicated for total hip arth-
roplasty was 2.98 ± 0.73 kHz and that in healthy individuals was 2.15 ± 0.32 kHz. This sug-
gested that the hammering sound in total hip arthroplasty-indicated patients overlaps with 
the frequency of the collision sound of surgical instruments. Conclusion: To develop a sys-
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tem to prevent intraoperative fracture, countermeasures, such as noise canceling, are ne-
cessary to prevent false detection of hammering sounds. 

 

1. INTRODUCTION 
Total hip arthroplasty (THA) is a general surgery in orthopedics. The number of surgeries per-

formed has markedly increased over the last 30 years. The number of cases of intraoperative fracture 
started to increase when press fit stems became popular and cementless fixation replaced cement fixa-
tion as the main procedure [1-4]. It is presumed that intraoperative fracture is not clinically reported 
actively because of its negative impact. Including the number of cases not reported, its incidence may 
therefore be higher.  

In the Harvard Medical Practice Study performed in the US State of New York, 100,000 of 180,000 
deaths from medical malpractice per year were preventable accidents [5]. The ratio of highly preventable 
accidents may also be high in THA. When intraoperative fracture in THA was prevented, the duration of 
hospitalization was shortened to one-sixth of that of fracture cases, which may improve the patient’s QOL 
and largely reduce medical expenses.  

Aiming at the prevention of intraoperative fracture, we assessed the force and sounds of hammering a 
stem into the femur, and searched for an evaluation method that enables the prediction of fracture [6, 7]. 
We reported that fixation of the femur and stem cannot be acquired unless the 1st peak frequency of 
hammering sound (peak frequency) stabilizes, and it may be possible to prevent excess impacting and 
fracture by judging that fixation has been acquired and refraining from hammering when the peak fre-
quency becomes constant [8-10]. At the second and third peak frequencies, it was not possible to detect 
problems related to stem fixation. As the 1st peak frequency serves as an important evaluation index, it is 
necessary to investigate the band of the peak frequency of the hammering sound when fixation is acquired.  

The objective of this study was to identify the peak frequency of the hammering sound of impacting 
the stem into the femur using a hammer in THA. As there may be individual differences in bone quality 
among patients, we investigated whether the peak frequency changes depending on bone quality. These 
investigations are the first step in the development of an intraoperative fracture-preventing system in re-
sponse to on-site needs for accuracy and simplicity. An established system may provide safety and security 
to both surgeons and patients.  

2. MATERIALS AND METHODS 
This study did not involve humans and did not require IRB approval. To acquire quantitative results, 

a biomechanical test material (Fourth Generation Cylinder 3403-03-2, Sawbones, WA, USA) was used 
(Figure 1(A), Figure 1(B)). This is simulated femur prepared by filling a 3-mm thick cortical bone cy-
linder simulating the physical properties of human bone with 30-pcf cancellous bone [11, 12]. To investi-
gate whether the peak frequency changes due to bone quality, 10 and 30-pcf biomechanical test materials 
(Fourth Block, Solid Foam, Sawbones, WA, USA) were used based on the bone quality of THA-indicated 
patients and healthy individuals, respectively (Figure 1(C)). The medullary cavity of the simulated femur 
was prepared with a rasp and reamer (VerSys, Zimmer Biomet, IN, USA) used in clinical practice.  

The simulated femur was fixed to the fixation part of a load test machine for a hip prosthesis with a 
screw (Figure 2). Hammering sounds generated by impacting the stem using a hammer through an inser-
ter (VerSys, Zimmer Biomet, IN, USA) were analyzed using a fast Fourier transform analyzer (DS-3000, 
ONOSOKKI, Japan) (Figure 3). The frequency range was set at 10 kHz, the resolution was set at 12.5 Hz, 
the sampling frequency was set at 20.6 kHz, and averaging was applied as noise processing.  

The distance from the sound source to the directional microphone (Mic FP-5500, SONY, Japan) was 
set at 1.5 m based on an operating room. The hammering sound collected using the microphone was con-
verted to a spectrum by a fast Fourier transform analyzer and the frequency at which the intensity reached 
the maximum was regarded as the peak frequency. The impactor directly impacted by the hammer is  
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Figure 1. Biomechanical test materials. (A) Cylindrical fe-
mur with cortical bone; (B) Cylindrical femur with an im-
planted stem; (C) Block-type trabecular bone. 

 

 
Figure 2. Environment of hammering sound collection. (A) 
Loading machine; (B) Enlarged fixation part.  

 

 
Figure 3. Fast Fourier transform analyzer 
and direction microphone. 
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strongly influenced by its characteristics such as the length and quality of the material. Thus, the peak fre-
quency of the sound generated by impacting the impactor alone with the hammer was measured. These 
series of procedures were performed for each hammering session and the peak frequency was determined.  

The environmental sound level in the operating room was measured using a digital sound level meter 
(KZ-GM1351, HITACHI, Japan). As many members of orthopedic THA teams are male, sounds were col-
lected from 6 males to represent the operator’s voice. Sounds generated by randomly colliding the ham-
mer, impactor, rasp, reamer, and box chisel as surgical instruments mainly used in THA were measured. 
The hammering sound was compared to investigate whether operator’s voice and collision sound of sur-
gical instruments can be distinguished. 

3. RESULTS  
The impactor directly impacted by the hammer is strongly influenced by its characteristics such as the 

length and quality of the material. Thus, the impactor alone was hammered with the hammer and the peak 
frequency was 3.41 ± 0.05 kHz (Figure 4(A)). The hammering sound is derived from air vibrations caused 
by the aggregation of femur, stem, impactor, and hammer. The peak frequency of the sound generated by 
this aggregate was 2.43 ± 1.45 kHz (Figure 4(B)). When the only impactor was hit and when the aggregate 
was hit, the spectrum was one of those determined in multiple trials of hammering in both conditions and 
the frequency was that judged as the acquisition of fixation.  

When the same spectrum continued, it was judged as the acquisition of fixation (Figure 5). The peak 
frequency was identical in these spectra. In the spectrum before acquisition of fixation (from the 1st to 
10th), it was not the same. 

The peak frequency of the hammering sound of the 10-pcf simulated femur assuming THA-indicated 
patients was 2.98 ± 0.73 kHz, whereas that of the 30-pcf simulated femur assuming healthy patients was 
2.15 ± 0.32 kHz, that of human voice assuming the surgeon’s voice was 0.47 ± 0.23 kHz, and that of the  
 

 
Figure 4. Spectra. Peak frequency is a green dot. (A) Spectrum of the impactor; 
(B) Spectrum of the impactor, stem, and cylindrical femur. 
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Figure 5. Spectra of the impactor, stem, and cylindrical femur when a stem was 
implanted into a cylindrical femur. The white arrow indicates the number of 
hammerings. The green arrow shows a similar spectrum. 

 
collision sound of the surgical instruments was 2.71 ± 0.52 kHz. There was a significant difference in the 
peak frequency due to the difference in bone quality. The maximum level of environmental sound mea-
surement in the operating room was 24.3 dB in the voice of the surgeon. The frequency decreased as the 
bone quality increased, and the environmental sound in the operating room and band overlapped (Figure 
6).  

4. DISCUSSION 
The natural frequency of an impactor was previously reported to be 4.5 kHz [13]. The gripping part 

of the impactor used by Furuichi et al. was made of metal, whereas that used in our study was made of re-
sin, thus the frequency cannot be simply compared [13]. The standard deviation of the peak frequency of 
the impactor was lower than that of the aggregate of the femur, stem, impactor, and hammer, which may 
have been due to the presence of fewer influencing elements in the impactor than in the aggregate.  

The peak frequency is reported to be below 3 kHz [14]. The sound source depends on not only the 
collision sound between the hammer and impactor, but also the surrounding medium [15]. We noted 
changes in the peak frequency due to the state of sample setting. When a sample was set on an experimen-
tal desk using a vise, noise was picked up; therefore, the setting was changed to fixation with a screw of the 
load test machine. Hammering sound collection was performed in a quiet environment with the air condi-
tioner turned off and windows closed, but complete removal of noise was not possible. 

The reason for the decrease in the frequency with an increase in the bone quality was hypothesized to 
be the inverse proportion of the natural frequency of an object to its length, i.e., change in the relative 
length of the stem and simulated femur united by hammering. The 10 pcf femur is softer than the 30 pcf 
femur and the stem sinks into the femur, shortening its length. The higher peak frequency than that of the 
30 pcf femur was likely caused by this.  

The peak frequency in patients indicated for THA can be distinguished from the environmental 
sound generated by the operator’s voice, but partial overlapping with the peak frequency of collision  
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Figure 6. Peak frequency of hammering 
sound of the impactor, stem, and several 
trabecular bones (10 pcf, 30 pcf). 

 
sounds of surgical instruments was confirmed, for which it is necessary to take countermeasures to pre-
vent false detection. A method of attaching an accelerometer to the grip of the hammer to trigger ham-
mering in order to differentiate the sound from noise was considered, but bringing an accelerometer into 
the surgical field is not realistic [16, 17]. The incorporation of active noise canceling producing antiphase 
waves against metal collision sounds is a realistically possible countermeasure.  

There are two limitations in this study. First, the simulated femur did not reflect biological tissue re-
garding the moisture, length, and absence of adherence from the surrounding tissue. Use of the femur of 
the affected leg for testing is desirable, but quantitative data cannot be collected; therefore, simulated fe-
mur was used. Second, the peak frequency may vary depending on different factors such as the quality of 
the material, and shape of the stem and impactor. Differences due to these factors can be corrected by in-
corporating artificial intelligence into the system and utilizing big data.  

5. CONCLUSION 
The peak frequency of hammering sound overlapped with machinery collision sounds in the femur of 

a similar quality to that in patients indicated for THA. To prevent false detection through the development 
of an intraoperative fracture-preventing system, countermeasures, such as noise canceling, are necessary.  
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