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ABSTRACT 

Failure during total hip arthroplasty may lead to bedridden of the elderly. Since the aceta-
bulum cup fix in an anatomically deep region, failures, such as loosening and fracture, occur 
three times more frequently compared with failures of the stem fix in the femur. We inves-
tigated the possibility of evaluating whether fixation was acquired by frequency analysis of 
the hammering sound of implanting a cup into the acetabulum. The subjects were 11 pa-
tients (11 joints) who underwent total hip arthroplasty, biomechanical test materials, and 
orthopedic models. Surgeries and experiments were performed by orthopedists specialized 
in the hip. A system was constructed with a tablet PC and directional microphone, the peak 
frequency at which the amplitude reached the maximum was determined, and judgment 
processing (stable, unstable) of cup fixability was performed in real time. The stable maxi-
mum peak frequency observed in the clinical trials was 4.42 ± 4.02 kHz. The mean stable 
maximum peak frequency in the biomechanical tests was 4.46 ± 1.19 kHz in biomechanical 
test materials and 4.56 ± 2.02 kHz in orthopaedicmodels. When hammering was continued, 
the frequency leading to fracture decreased in both biomechanical test materials and or-
thopaedicmodels. In conclusion, in clinical trials and biomechanical studies, variation of the 
maximum peak frequency decreased when fixation was acquired and the frequency stabi-
lized. It was suggested that this method can serve as a fixability evaluation method of ace-
tabular cups because analysis can be performed in real time during surgery, for which pre-
vention of intraoperative fracture can be expected. 
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1. INTRODUCTION 
The total hip arthroplasty (THA) failure rate has been reported to be 4% - 30% [1] [2] [3] [4]. THA 

failure is problematic because it extends the rehabilitation period of the patient and leads to bedridden of 
the elderly. Since the position of acetabular cup fixation in the acetabulum is located in an anatomically 
deep region, fixation failure occurs three times more frequently compared with those of stem set into the 
femur [5] [6] [7]. The cup can be fixed to the coxa by screws, but surgeons want to avoid using a screw as 
much as possible because the organs involved, which are present in the coxa, are life-threatening when they 
are damaged.  

To prevent fixation failure, a hammering with strong impacting is employed to prevent loosening of 
the acetabulum and cup for a long time [8] [9]. However, blood vessels and nerves are present around the 
acetabulum and strong hammering has a risk of damaging the surrounding tissue. For this problem, there 
is no criterion to judge whether sufficient fixation was acquired at the time of cup placement and it depends 
on the surgeon’s experience and sense [10].  

The natural frequency of sound generated in an object is proportional to the Young’s modulus and 
inversely proportional to the object’s density and length. As a human pelvic and an artificial pelvic have 
different physical properties, the frequency characteristics of the hammering sounds produced from an 
artificial resin model will likely differ from those produced from the bone in a human pelvic.  

Focusing on acoustic analysis in which pitch changes due to fixability of the subject, we have tried 
prediction of fracture during surgery by frequency analysis of the hammering sound of fixing a hip stem 
[11]. It was reported that the same peak frequency repeats when appropriate fixation is acquired during 
surgery, suggesting that intraoperative fracture can be prevented by stopping hammering at the time the 
peak frequency converged [12]. In this study, applying this technique to fixing a cup into the acetabulum 
by hammering, we investigated the possibility of predicting the occurrence of fracture during surgery in 
biological bone similarly to that in a bone model.  

2. MATERIALS AND METHODS 

2.1. Objective and Materials 

This study was approved by IRB of the institution to which I belong (B11-93, B16-239). The subjects 
were 11 patients (11 joints) (4 male and 7 female patients, mean age: 71.6 years old (54 - 81 years old)) 
who underwent total hip arthroplasty at Kitasato University Hospital between October 2012 and Novem-
ber 2017. For the acetabular cup, G7 OsseoTiSysyrm (ZimmerBiomet) was used in all cases. The cup size 
was decided by templating by orthopedists specialized in the hip. 

For the simulated bone, 16 each of a biomechanical test material (SKU1522-04, Sawbones) and an 
orthopedic model, Hemi pelvis with 54-mm acetabulum (SKU 1305, Sawbones), were used (Figure 1). The 
following abbreviations were used below: Patient’s pelvis, PP; Biomechanical test material, BM; Orthoped-
ic model, OM. G7 OsseoTiSysyrm (ZimmerBiomet) 54 mm was also used for the acetabular cup in the 
biomechanical studies.  

2.2. Measurement 

Surgeries and experiments were performed by orthopedists specialized in the hip joint with 20 years 
or longer clinical experience. After acetabuloplasty, the cup was set and hammering was applied to the 
acetabulum. 

The system was constructed with a tablet PC (Miix2 8, Lenovo) and directional microphone (Mic 
FP-5500, SONY, Japan). Hammering sounds were collected at a sampling frequency of 44.1 kHz and 
quantization bit rate of 16 bits and input into the tablet PC. Hammering sounds were subjected to short- 
time Fourier analysis. The power spectrum was detected and the peak frequency at which the amplitude 
reached the maximum per hammering (maximum peak frequency) was determined and presented as a  
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Figure 1. Top is materials and model. Bottom is fixation of 
an acetabular cup. (A) Biomechanical test materials (BM). 
(B) Hemi pelvis with 54 mm acetabulum of orthopaedic 
model (OM). 

 
trend graph plotting the maximum peak frequency on the vertical axis and hammering count on the hori-
zontal axis.  

Real-time processing of judging whether cup fixation was acquired was performed. In the judgment, 
changes in the maximum peak frequency by ±0.5 kHz or larger were defined as unstable and not being 
fixed. When the maximum peak frequency changed within ±0.5 kHz or smaller in three consecutive 
judgments, the condition was defined as stable and judged as that the cup was fixed. 

3. RESULTS 
In the clinical trials, the maximum peak frequency judged as stable was present in all PP. The mean 

stable maximum peak frequency was 4.42 ± 4.02 kHz (Table 1). A constant maximum peak frequency 
continued 3.27 ± 0.47 times. No failure occurred during or after THA in any patient. There were no cases 
of intraoperative or postoperative failures in the diagnosis by the surgeon. 

In BM, the stable maximum peak frequency was present in all 16 cases (Table 2) and the stable 
maximum peak frequency was 4.46 ± 1.19 kHz. Cracks and fractures were noted in 9 of the 16 cases of the 
biomechanical test material. The maximum peak frequency at which a crack or fracture was produced was 
1.28 ± 1.12 kHz, clarifying that it was lower than the frequency regarded as fixation.  

In OM, the maximum peak frequency repeated high and low in the trend graph before reaching fixa-
tion, as shown in Figure 2(A). A stable maximum peak frequency was present in 13 of the 16 model cases 
and the maximum peak frequency was 4.56 ± 2.02 kHz. In the trend graphs in which the cup was judged as 
fixed, the maximum peak frequency was judged as equivalent 3 times or more, as shown in Figure 2(B). A 
value with variation within ±0.5 kHz was regarded as equivalent. A crack or fracture was noted in all OM 
cases. When hammering was continued and caused fracture, the frequency decreased in both OM and BM 
(Figure 3). 

4. DISCUSSION 
It has been reported that the initial fixability of the acetabular cup can be evaluated based on the 

waveform detected by a load sensor attached to an impact hammer [13]. Slipping of the sensor into pa-
tient’s body is of concern for this method, but the frequency can be non-invasively analyzed, being advan-
tageous [14].  
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Table 1. Stabled maximum peak frequencies and counts of consecutive equivalent peak frequencies 
of patient pelvic. 

Stabled frequency (kHz) Counts of consecutive equivalent peak frequencies (times) 
0.60 3 
2.00 3 
3.60 4 
3.86 3 
3.88 3 
3.90 3 
5.10 3 
5.63 3 
5.90 4 
6.30 4 
7.88 3 

4.42 ± 4.02 3.27 ± 0.47 
 
Table 2. Stable and fractured maximum peak frequencies using biomechanical test materials and 
orthopedic models. 

BM OM 
Stabled frequency 

(kHz) 
Fractured frequency 

(kHz) 
Stabled frequency 

(kHz) 
Fractured frequency 

(kHz) 
3.6 No fracture 1.22 0.73 
3.7 0.52 3.66 0.80 
3.7 No fracture 3.76 0.80 
3.9 No fracture 4.09 0.58 
3.9 0.59 5.28 0.78 
3.9 0.57 5.33 0.56 
3.9 No fracture 5.33 0.72 
4.3 0.52 5.33 0.57 
4.3 2.99 5.33 0.88 
4.4 0.53 5.33 0.57 
4.5 3.41 5.53 0.88 
4.5 No fracture 5.53 0.50 
4.6 1.18 5.53 0.60 
4.8 0.56 unstable 0.71 
5.5 No fracture unstable 0.70 
7.8 No fracture unstable 0.70 

4.46 ± 1.19 1.28 ± 1.12 4.56 ± 2.02 0.71 ± 0.11 
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Figure 2. Trend graph of maximum peak frequency at a 
hammering count before fixation. (A) Unstable. (B) Stable. 

 

 
Figure 3. Left is a trend graph of maximum peak frequency at a 
hammering count. Right is a fracture of the orthopedic model that 
occurred on the 10th time. 

 
It has been reported that the same frequency continues when an artificial joint acquires fixability [15]. 

In our study, “stable” was defined as “maximum peak frequency ±0.5 kHz”. A constant maximum peak 
frequency was noted at a high rate in all model cases, suggesting that the maximum peak frequency is use-
ful to alert to stop hammering. For clinical application, the accuracy is low at ±0.5 kHz. It is necessary to 
consider the interval. 
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A system giving an alarm when a stable maximum peak frequency continues should be prepared. The 
safety factor S of medical devices is 2 [16]. Considering that the counts of consecutive equivalent peak fre-
quencies of PP was 3.27, a count of 3 was estimated to be appropriate to start the alarm.  

Repeating high and low maximum peak frequencies before stabilization may have been due to insta-
bility of the cup unevenly contacting the acetabulum. In a case showing instability, there may have been a 
margin to further continue hammering. The standard deviation of PP depends on the variability of the 
patient's bone quality. In BM, the standard deviation of the maximum peak frequency decreased as ex-
pected because the density and length were constant. The reason for not reaching fracture in many cases 
was the block shape with thickness around the cup. Since the size and density were uniformed in OM, it is 
valid that the standard deviation of the maximum peak frequency decreased compared to that in PP. 
Fracture occurred in all OM cases because anatomically, there is a thin bone region, but the fracture site 
varied, such as the bottom of the acetabulum and region hit by the rim of the cup.  

It has been clarified that when a mild fracture (including cracks) occurred, the frequency decreased 
by 3 kHz [17]. In the present study, when a crack or fracture was produced in the coxa, the frequency de-
creased. This is related to the fact that the natural frequency of an object is inversely proportional to the 
vibration length and we considered that it was due to relative extension of the length of the vibrating re-
gion by a crack produced in the acetabulum.  

5. CONCLUSION 
In conclusion, in clinical trials and biomechanical studies, variation of the maximum peak frequency 

decreased when fixation was acquired and the frequency stabilized. It was suggested that this method can 
serve as a fixability evaluation method of acetabular cups because analysis can be performed in real time 
during surgery, for which prevention of intraoperative fracture can be expected. 
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