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In total hip arthroplasty (THA), orthopedic surgeons can determine the stability of 
the fixed hip stem based on the changes in the hammering sound, which is not a myth. 
It has been observed through Fourier analysis that the hammering sound changes. 
This study aimed to check whether it is possible to determine how stable the hip 
stem is fixed in real-time by collecting hammering sounds in operating rooms. First, a 
hammering sound analysis system was built, and an application was developed. Next, 
the analysis system was used to measure the frequencies and levels of hammering 
sounds along with ambient sounds to review the ideal position for collecting sounds. 
In all 12 analyzed cases, stem stability was successfully determined in real-time. It 
was revealed that the analysis system was less likely to fail to detect sounds when 
sounds were collected at a position near the patient’s head. It is possible to distinguish 
the voices of the medical staff, a major ambient sound in the operating room, from 
the hammering sounds. However, it is difficult to distinguish the peak frequencies of 
produced sounds when surgical instruments are in contact with those of hammering 
sounds because their frequency ranges are almost the same, and solving this problem 
is the greatest challenge.

Introduction
Total hip arthroplasty (THA) provides patients with a high level 

of postoperative satisfaction [1]. However, it has been reported 
that during surgery, serious intraoperative fractures occur at a rate 
between 0.4 and 4.9% [2,3]. During surgery, orthopedic surgeons 
with good clinical experience can determine how stable the hip stem  

 
is fixed through the changes in the hammering sound, which is a 
proven fact. Fourier analysis verified the changes in the hammering 
sound [4]. It has been revealed that when the stem is fixed into a 
femur, the peak frequency with the same spectral shape [5-7]. In 
the engineering field, to check the stability of a bolt, a hammering 
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test was conducted. A hammering test is a procedure for checking 
the contact of a structure with another. The surfaces of structures, 
such as bridge girders, piers, and tunnel linings, are hammered to 
identify their state based on the sound produced. Based on this 
idea, this theory can be applied to the medical field, focusing on 
hammering sounds in THA. We have indicated the possibility for 
surgeons to check how stable the stem is fixed to the femur and 
predict possible intraoperative fractures [6-8]. In this study, a 
hammering sound analysis system was built, and an application was 
developed to check whether it is possible to prevent intraoperative 
fractures and collect hammering sounds in operating rooms for 
real-time analysis. A miniaturized analysis system was used to 
measure the frequencies and of hammering sound levels along with 
ambient sounds to review the ideal position for collecting sounds.

Materials and Methods
This study was approved by the ethics commission of the 

organization to which the author belongs (B16-239). The patients 
were had provided informed consent. Clinical trials were conducted 
on 12 patients of total hip replacement (eight women and for 
four men, with a mean age of 70.1 years), conducted at Kitasato 
University Hospital. The surgery was performed by an orthopedic 
surgeon specialized in the hip joint with more than 20 years of 
clinical experience. It was attended by three orthopedic surgeons 

along with one scrub nurse and one anesthesiologist staying at all 
times on the foot and head sides of the patients, respectively. The 
hammering sound analysis system for the hip stem developed by 
the author et al. consists of a PC, sensor amplifier, and storage scope. 
The system had a drawback that uses many large instruments [5]. 
Improvements were made to the system to enable one tablet unit 
to cover all functions so that the system could be easily carried into 
the operating rooms. Table 1 lists the development platform for this 
application. The application was designed to capture hammering 
sounds produced when the stem is driven into the femur, detect the 
power spectrum through fast Fourier transformation, determine 
the maximum peak frequency (hereafter, the peak frequency), 
and continuously make assessments (see Figure 1). The system 
determines that the stem has been fixed and provides a warning 
that further hammering would cause a bone fracture, when the 
peak frequency stays within a range of ±0.05 kHz three times in a 
row [5].

Table 1: Application development environment.

Development Environment Microsoft Visual Studio 2010

Programming language Microsoft Visual Studio C# 2010

Operating Environments CPU: Intel Core i3(32-bit,64 bit) 
OS: Window7,8

Figure 1: Graphical user interface of the developed system.
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The miniaturized hammering analysis system consisted of a 
Miix 2 8 (a tablet PC) and a directional microphone. This system 
was used to store the sound source and, at the same time, perform a 
series of actions-level assessments, frequency measurement, short-
time Fourier analysis, and draw maximum frequency trend graphs-
to analyze and monitor data in real-time. Sounds were collected 
with a sampling frequency of 44.1 kHz and aquantization bit rate 
of 16 bits. The sound collection and analysis started concurrently 
with the stem driving into the femur, and data were recorded until 
the operating surgeon finished the stem driving. A review was 
conducted on the ideal positions at which hammering sounds were 

collected in the operating rooms. Microphones were placed at four 
locations: on the right and left sides of the upper- and lower-limbs 
of the patient (see Figure 2). Each microphone was placed 2 m away 
from the surgical field to check which location the microphone was 
less likely to incorrectly detect hammering sounds or to fail to detect 
any hammering sounds. A KZ-GM1351 digital noise level meter 
was used to identify the ambient sound in the operating room. At 
the same time, the analysis system was used to store the sources 
of ambient sounds, make level assessments, measure frequencies, 
conduct short-time Fourier analysis, and create a trend graph of 
maximum frequencies in real time.

Figure 2: Position to collect hammering sound in the operating room.

Results 

In the 12 cases analyzed, no intraoperative fracture was 
predicted, and both the operator based on the sensory determination 
and analysis system made correct determinations about the 
stability of the stem. No problem was found immediately after the 
surgery, and the stability was good for five years in all cases. In all 
12 cases, the miniaturized analysis system successfully evaluated 
stem stability. For the 12 joints, the frequency determined based 
on hammering sounds was 4.02 ± 2.33 kHz at the time when the 
stem stability had been obtained. The hammering sound levels for 
the 12 joints from the start and end of hammering were 7.31 ± 1.91 

dB. The relationships between the frequency distributions, levels 
of the hammering sounds, and ambient sounds during surgery of 
one of the 12 joints are shown (see Figure 3). The green round 
plots represent hammering sounds, and the frequency for this joint 
was 2.82 ± 0.62 kHz with a level of 8.81 ± 2.85 dB. Yellow circles 
represent the voices of the medical staff. The red triangle plots 
represent sounds that were not detected by the developed system, 
which were eight in number. The hammering sounds were detected 
using a digital noise-level meter. The five x-plots represent the voice 
of the medical staff that were mistakenly detected as hammering 
sounds. 
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Figure 3: Level and the peak frequency of hammering sound, the voice of medical staff, and undetected hammering sound. 
Cross is false detection of the medical staff’s voice as a hammering sound.

The microphone on the head side of the patient failed to detect 
only two sounds, which were the least likely to fail in detecting 
sounds (see Figure 4). The microphone on the lower limb side of the 
patient failed to detect nine sound-levels that were below 4 dB. Each 
microphone on the right and left sides of the patient failed to detect 
three sounds, the frequencies and levels of which were inconsistent 
with no particular tendency in the observed characteristics. The 
results of the measurement of ambient sound in the operating room 
indicated that the levels of the voices of the medical staff were 8.85 
± 4.70 dB with a frequency of 0.48±0.16 kHz. (Figure 5A) shows one 
of the 181 voice sounds of the medical staff, which revealed that its 
level was the highest among the ambient sounds. The sound of the 
second-highest level was that produced when a surgical instrument 
is contacted, the level of which was 8.26 ± 6.23 dB with a frequency 
of 2.71 ± 0.52 kHz (see Figure 5B). The sound produced by surgical 
instruments had many peak frequencies, with a mean maximum 
frequency of 3.26 ± 0.99 kHz and a sound level of 2.024 ± 0.95 dB 
(see Figure 5C).

Figure 4: 
A) F-P5500.
B) AT9913
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Figure 5: Environmental sounds in the operating room.
A) Voices of surgeons and medical staff.
B) Sound of surgical instruments hitting.
C) Surgical suction noise.

Discussion
In the areas of orthopedic surgery and dentistry, it was 

reported more than two decades ago that it is possible to determine 
if an implant is insufficiently fixed through frequency analysis, 
thus preventing it from loosening [9,10]. However, for hammering 
and broaching in THA, stability is still determined based on 
experience and sense without being based on objective data [11]. 
Frequency analysis is advantageous because it is noninvasive and 
allows surgeons to make objective determinations [12]. Ooyama 
et al. used a digital video camera in THA to record the hammering 
sounds produced when the system was inserted, and after surgery, 
they conducted a frequency analysis on the recorded sounds. The 
analysis results indicated that for ten joints out of 22 joints, clusters 
of hammering sounds were observed that exhibited consistent 

frequencies three times in a row, and they reported that it is useful 
to use frequencies as a determination indicator for analyzing the 
stability of cementless stems [13]. As our analysis results showed 
[14], it has been reported that the peak frequency when stability 
was obtained is approximately 3 kHz. This frequency depends not 
on the stem type but on the impactor’s material [15]. It has been 
reported that the peak frequency is 8.5 kHz for metal impactors and 
4.5 kHz for resin impactors; we used a resin impactor that exhibited 
a similar frequency [16]. Hammering sound qualities depend not 
only on the sounds produced when the hammer is in contact with 
the impactor but also on the ambient medium and environment. 
Hammering sounds were collected in a quiet environment without 
any noise being completely eliminated. 

While the voices of medical staff exhibit a round waveform, 
such as a sinusoidal waveform, hammering sounds exhibit a sharp 
signal waveform with a sawtooth wave, meaning that it is possible 
to distinguish voices, which are noise, from hammering sounds 
by differentiating their waveforms [6]. Undetected hammering 
sounds included those that were not detected because their levels 
were low, which probably required microphones to be selected 
again. The microphone placed on the upper limb could collect 
sound without any obstacle because it was directed toward the 
sound source from the upper part of the sterilization sheet. The 
surgeons and scrub nurse attended to the microphones placed at 
the other three locations. The sterilization sheet placed behind the 
microphone on the head side may have acted as a dish antenna 
to effectively collect sound waves. We surmised that surgical 
instruments around the lower limbs produced enough noise in 
the lower limb side, which was in contact with one another when 
they were used. It is difficult to distinguish the peak frequencies 
of sounds produced when surgical instruments are in contact with 
those of hammering sounds, because their frequency ranges are 
almost the same. One possible solution is to incorporate an active 
noise-canceling capability into this application. If this solution does 
not allow for distinction, the basis of the measurement principle 
must be significantly changed from the fast Fourier transform to, 
for example, acoustic emission.

Conclusion
In all cases analyzed; the analysis system successfully 

determined stem stability in real-time. The analysis system was 
less likely to fail to detect sounds when the microphone was placed 
on the head of the patient and directed toward the surgical field. 
It is possible to distinguish the voices of the medical staff, a major 
ambient sound in the operating room, from the hammering sounds. 
However, it is difficult to distinguish the peak frequencies of sounds 
produced when surgical instruments are in contact with those of 
hammering sounds because their frequency ranges are almost the 
same, and solving this problem is the greatest challenge.
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