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Abstract: The success of total hip arthroplasty depends on the experience of the surgeon, and one 

of the ways the surgeon currently determines the final implant insertion depth is to listen to the 

change in audible pitch of the hammering sound. We investigated the use of acoustic vibration 

emissions as a novel method for insertion quality assessment. A non-invasive contact microphone-

based measurement system for insertion depth estimation, fixation and fracture detection was de-

veloped using a simplified in vitro bone/implant (n=5). 2583 audio recordings were analysed in vitro 

to obtain energy spectral density functions. Out of the four main resonant peaks under in vitro con-

ditions, broach insertion depth statistically correlates to increasing 3rd and 4th peak frequencies. De-

gree of fixation was also observed as higher goodness of fit (0.26-0.78 vs. 0.12-0.51 between two 

broach sizes, the latter undersized). Finally, however, the moment of fracture could not be predicted. 

A cadaveric in situ pilot study suggests comparable resonant frequencies in the same order of mag-

nitudes with the bone model. Further understanding of the signal patterns are needed for an early 

warning system diagnostic system for imminent fractures, bone damage, improving accuracy and 

quality of future procedures. 
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1. Introduction 

An ever-increasing number of people are receiving total hip arthroplasties (THAs) in 

recent years. In the Netherlands, this number grew from 23,000 to 41,000 between 2010 

and 2018 [1] and is predicted to increase even further due to population growth and in-

crease in life expectancy. When a total hip arthroplasty (THA) is performed, the head of 

the femur is removed and a broach is inserted into the femur by hammering, to provide a 

canal in which the stem can be press-fitted. Over insertion of the broach or stem may cause 

fractures [2] and under insertion does not provide sufficient stability to the implant. To 

prevent this, it is helpful to detect the insertion depth “sweet spot” where the fixation is 

sufficient and the risk of fracture is minimal, defined herein as the ‘end point’ of insertion. 

Furthermore, surgeons fine-tune this end point to achieve equal limb length by using au-

dible pitch changes of the hammering sound, and thus the ability to control the insertion 

distance would yield higher accuracy [3]. Therefore, the experience of the surgeon is crit-

ical for the localisation of this end point in good relation with the overall stability of the 

broach [4], and the success of the surgery. 

In recent years, several studies have examined what can be achieved with Acoustic 

Emission (AE) and vibration analysis in orthopaedics [5] for wear [8], aseptic loosening 

[6], microdamage to bone structures, healing, and biomechanical environment assessment 

with free or forced vibrations [4, 9]. These studies, however, focused on using acoustic 

emissions as a diagnostic tool over long periods of time to assess fixation quality and wear 

(sometimes through the skin of patients with THA [7, 8]), rather than real-time analysis of 
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implant insertion quality intraoperatively. There are, however, a few studies that explored 

the effects of acoustic emissions as a tool for fixation, microcracking or fracture prediction 

during joint replacements in various models such as animal [10] and human cadaver [9]; 

in vitro [11, 12] and in vivo setups [3, 4] with various degrees of success. 

Several other techniques of measuring AEs were also trialled. For example, Pastrav 

et al. [4] studied the frequency response function (FRF) change of the stem-femur system 

with an electrodynamic exciter (shaker) to excite low amplitude vibrations in the stem 

over hammer blows to detect insertion end point. They also suggested [13] that intraoper-

ative vibration analysis requires a more user-friendly device. Oberst et al. [9] used a mi-

crophone aimed at the hammer impaction point. Pechon et al. [10] used an acoustic emis-

sion sensor placed on the stem inserted into deer femora and placed in a loading machine 

(quasistatically-loaded instead of striking with a hammer). These studies suggested a cor-

relation between acoustic emission signals and occurring damage processes. Shibunama 

et al. [16] used a contact microphone on the bone itself (n=1) to pick up less ambient noise 

and suggested that their system can help determine the right stem size. 

The types of bone setups for acoustic emission investigations done for THAs in pre-

sent literature, include sounds directly obtained from the OR [17], cadaver bone [9], ani-

mal bone [10], artificial bone [11] or a simplified bone model [12]. To design an appropri-

ate bone model, some bone characteristics are required (shown in Table 1). In THA frac-

ture experiments, the ultimate tensile strength of the bone model in the transverse direc-

tion plays a considerable part in determining the fracture resistance of the material. 

Table 1. Mechanical properties of the human bone [15]. 

Bone material Property Value (MPa) Direction 

Cortical 
Tensile strength 

80-172 Longitudinal 

51-56 Transversal 

Elastic modulus 11000-20000 Longitudinal 

Trabecular 
Compressive strength 0.5-50  

Elastic modulus 5-150  

 

While the above investigations appear to be promising, many have been tested in 

controlled settings not directly applicable to surgical settings, furthermore, it is often ob-

structive, with complex audio recording and processing hardware such as microphones, 

wiring, as well as interference from ambient sounds etc. Mulier et al. [13] emphasised that 

while “in vivo use of vibration analysis is possible, there is an urgent need for the devel-

opment of a more user-friendly, wireless device”. 

Another aspect of measuring AEs to consider is that impact force while broaching is 

not constant since it depends on both the surgeon and the impact duration. According to 

Oberst et al. [9], it can vary between 1 and 19 kN, with a mode of approximately 3.5 kN. 

Crisman et al. [18] showed a typical impact force plot with a maximum force of 7.6 kN, 

decreasing to zero in approximately 1 ms. Combing these results, by integrating over time, 

the impact energy, which is probably more consistent than the impact force, is between 

0.5 – 9.5 J per hammer blow. 

The aim of the study is to develop and validate a simple, non-invasive vibration measure-

ment system as a potential tool for estimating insertion depth, fixation, and fracture development, 

that does not jeopardise the current workflow. This novel, non-invasive Broach Insertion Meas-

urement System (BIMS) is designed and tested in vitro by analysing the frequency spec-

trum of the hammering impact sounds in a systematic way. 

With BIMS, we test the following hypotheses: 

1. The cumulative energy exerted on the broach or a change in measured vibration 

frequency is linked to the insertion depth in the bone model.  

2. The degree of fixation of the broach in the bone affects the frequencies of the 

hammer impact sound.  
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3. The frequencies of the hammer impact sound can be used to predict imminent 

fracture. 

2. Materials and methods 

2.1 Broach Insertion Measurement System (BIMS) 

2.1.1 Microphone selection 

In order to analyse the vibration produced by hammering, the sound was recorded 

with a piezo contact microphone (Oyster S/S, Schaller, Postbauwer-Heng, Germany) 

placed directly on the broach handle. The piezo element is capable of picking up frequen-

cies in the audible spectrum. The microphone was attached to the handle with double-

sided tape (double-sided filmic tape, Tesa, Norderstedt, Germany), just above the place 

where the surgeon holds the handle, shown in Figure 1 (a). This enables the signal to be 

directly transmitted without having to travel through air. 

 

 

Figure 1. (a) The simplified implant model consisting of a contact microphone 1, broach handle 2, 

a 6.3 mm jack to the computer 3, smaller broach 4 and a larger broach 5. (b) Example of filled and 

unfilled bone model. Experiment setup (c) side view and overview (d) showing the swing hammer 

1, hammer and broach model with the attached microphone 2, bone in silicone frame 3 clamped 

between two vices 4 and the computer to record and process the data 5. 

2.1.2 Audio recording 

The analogue audio signal was sampled in a USB audio adapter (EW3751 R1, Ewent, 

Geleen, The Netherlands) with a sampling frequency range of up to 33100 Hz (human 

audible spectrum ~20 Hz – 20 kHz) [25] and was connected to a laptop (XPS 13 9350, Dell, 

Round Rock TX, USA). The audio signal was recorded with Audacity (version 2.3.2, The 

Audacity Team) in WAV-file format, with microphone sensitivity set to 20%. 

2.1.3 Data analysis 

Data was analysed using Matlab (version R2019b, MathWorks, Natick MA, USA). 

The WAV audio format has a unit that is relative to the maximum measurable intensity, 

which is set to 1. The sample WAV file was split into separate hammer blows, from which 

the Fast Fourier Transform (FFT) and subsequently the Energy Spectral Density (ESD) 

were calculated. The frequency peaks and their energy were analysed, as well as the in-

sertion depth and cumulative energy, defined as the cumulative hammer energy added 

to the system during the experiment. A typical hammer blow in time and frequency 
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domain is presented in Figure 2 (a-b). Statistical significance in correlating peak frequency 

and insertion depth was performed in GraphPad Prism (Prism 8, San Diego CA, USA) 

using a simple linear regression curve fit. 

 

 

Figure 2. Typical hammer blow in time and frequency domain. (a) is the original audio signal and 

(b) is the signal converted to ESD. (c) A complete set of hammer blows in signal intensity over 

time. (d) Shows the cumulative energy over the insertion depth, caused by the hammer for the 

larger broach, well-fixated condition. 

2.2 In vitro experiments 

To test the BIMS and its working principle, a simplified bone model and implant 

model consisting of a simplified broach and connected handle were made. 

2.2.1 Custom Implant model 

The implant model consists of a broach and handle shown in Figure 1 (a). The steel 

(Blankstaal S235JRG2C+C/SH 18 mm rond, Kloeckner Metals ODS Nederland, Bar-

endrecht, The Netherlands) broach was simplified as a round wedge with a tip diameter 

of 7 mm, gradually increasing until 18 mm over 130 mm from the tip. Another thinner 

broach was also made, increasing from 7 mm to 15 mm over 130 mm to obtain an under-

sized condition with less fixation than the thicker broach at the same insertion depth. The 

steel (Platstaf 30x8 mm S 235 JR G2, Kloeckner Metals ODS Nederland, Barendrecht, The 

Netherlands) handle was simplified as two flat bars with a cross-section of 30x8 welded 

together perpendicularly, giving a total length of 255 mm. The broach and handle are con-

nected with M4 threading. 

2.2.2 Custom bone model: 

The dimensions of the bone were comparable to a typical femur [20]. The bone model 

in Figure 1 (b) was made from two materials: the cortical bone of the femur was modelled 

as rod of pine (Pinus sylvestris) wood (Grenen ronde stock 70% PEFC 28x2700, Pont-

meyer, Zaandam, The Netherlands) with a length of 400 mm and an outer diameter of 28 

mm. In this rod, a hole with a diameter of 15 mm and a depth of 200 mm was made and 

filled with polyurethane (PUR) foam (Precit montageschuim 30, Hornbach Baumarkt AG, 

Bornheim, Germany) to represent the trabecular bone. Properties of the materials used in 

the bone model can be found in Table 2. The PUR foam was sprayed into the cavity until 

it was filled to the top and let set for a duration of at least 14 hours. A hole of 100 mm deep 

and a diameter of 8.5 mm was reamed in the PUR foam to model the medullary cavity 

and to guide the broach into the foam. A set of 5 bones per experimental group was pro-

duced. The bone model was clamped in a silicone (SR1040 Siloconen gietrubber Platinum 

40, Resion Resin Technology, Moordrecht, The Netherlands) frame, representing the soft 

tissue of the upper leg. This frame was secured in a vice to prevent movement. 

Table 2. Mechanical properties of the bone model [19]. 

Material Property Value (MPa) Direction 

(a) (b)

(c) (d)
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Pine wood (Pinus 

sylvestris) 

Tensile strength 
92-112 Longitudinal 

2.6-3.2 Transversal 

Elastic modulus 12000-14000 Longitudinal 

PUR foam 
Compressive strength 0.03-13  

Elastic modulus 0.33-665  

 

2.2.3 Experiment setup: 

The setup is shown in Figure 1 (c-d), consisting of the microphone attached to the 

handle, the implant model inserted into the bone model, the bone model clamped with 

two vices and a swing hammer that hits the handle top. The vice was tightened until the 

bone model did not move visibly while hammering. The starting insertion depth was 65 

mm, as the broach got to this depth without resistance. The hammer (Vuishamer 1500 g, 

Picard, Wuppertal, Germany) weighed 1.5 kg and could be released from several fixed 

positions to keep the exerted energy constant. A digital calliper was used to measure the 

insertion depth. The force required for removing the broach was measured with a Newton 

meter. 

2.3 Experiments 

To determine if there is a difference in frequency spectra between an intact fixated 

model (good fit), an intact loose model (non-optimum, slightly undersized broach), and a 

broken fixated model (crack/damage in bone), three experiments were conducted on the 

set of five identical custom bone models. Testing was done in three experiments: an inser-

tion experiment, a fixation experiment, and a fracture experiment. 

2.3.1 Insertion experiment 

The larger-sized broach was pushed into the bone model for 65 mm first, before ham-

mer blows were applied. The swing hammer was set to apply an energy of approximately 

0.24 J per blow (neglecting friction in the hinge and other losses) by swinging from a rel-

ative height of 16 mm. This amount was predetermined not to cause fractures. In testing, 

the number of hammer blows needed for the insertion depth to change less than 0.1 mm 

per hammer blow in five consecutive blows was determined to be approximately 70. This 

number was used for the insertion experiment in all samples. At this point, we consider 

the broach fixated. After each hammer blow, the insertion depth was measured. After the 

last hammer blow, the extraction force to pull out the broach from the bone model in the 

axial direction was measured. 

2.3.2 Fixation experiment 

The smaller, undersized broach with a tapered end was used. Testing showed that 

after approximately 20 hammer blows, the smaller broach reached the same insertion 

depth as the previous, larger-sized broach. Therefore, 20 blows are applied for the fixation 

experiment and again, the extraction force was measured. 

2.3.3 Fracture experiment 

A fracture with a length of 50 mm and 1 mm width was sawn in each of the five bone 

models. This length was chosen after fracturing several bone models and an average frac-

ture length was obtained. The large broach was used for this experiment. Testing showed 

that the final insertion depth was reached after approximately 100 hammer blows and this 

number was used in the fracture experiment. Another set of five bone models (without a 

pre-sawn crack) were used to compare fracture by hammering until fracture occurs. If no 

fracture occurred, then the energies were increased until an approximate 1.9 J maximum 

by dropping the hammer from a relative height of 132 mm. 

2.4 Validation experiment 

To demonstrate the appropriateness of this setup in clinical settings, we also per-

formed a validation experiment on a cadaver hip arthroplasty during a training session. 

The study was carried out in Erasmus Medical Centre, Rotterdam, The Netherlands. The 
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acoustic microphone was attached to the surgical handle of the Corail implant (Depuy 

Synthes, Johnson&Johnson, Raynham MA, USA). 

2.5 Frequency estimation 

2.5.1 Eigen Frequency 

The simplified model allowed an analytical estimation of the eigen frequencies and 

frequency shifts to help interpret and compare the measured results. For these calcula-

tions, the implant model was simplified as a rectangular beam with consistent cross-sec-

tion (30x8 mm) and clamped – free boundary conditions. The implant model length L from 

the broach handle was 350 mm at the starting point s and 325 mm at the end point e. The 

implant model material was modelled as steel with a Young’s modulus E of 210 MPa and 

a density ρ of 7850 kg/m3. The eigen frequencies ω per mode i for a clamped – free beam, 

with an area moment of inertia L and mass per unit length μ is calculated by [21]: 

𝝎𝒊 = ((𝒊 =
𝟏

𝟐
) 𝝅)

𝟐
𝟏

𝑳𝟐  √
𝑬𝑰

𝝁
  Equation 1 

The Eigen frequencies were calculated for the first four modes in the direction of the 

width and height of the bean, defined as the x- and y-direction, respectively, are shown in 

Table 3. The height of these peaks is defined as the peak energy and their frequencies as 

the peak frequency. The cumulative energy is defined as the sum of the hammering en-

ergy added to the system. 

Table 3. Analytical estimations of the eigen frequencies of the broach at the starting and ending 

positions in x and y directions. 

Mode i ωs,x,i (Hz) ωs,y,i (Hz) ωe,x,i (Hz) ωe,y,i (Hz) 

1 2.41⋅102 9.02⋅102 2.79⋅102 1.05⋅103 

2 2.17⋅103 8.12⋅103 2.51⋅103 9.42⋅103 

3 6.01⋅103 2.26⋅104 6.98⋅103 2.62⋅104 

4 1.18⋅104 4.42⋅104 1.37⋅104 5.13⋅104 

 

2.5.2 Statistical analyses 

Firstly, a simple linear regression analysis was performed at each frequency peak to 

determine whether there is a statistically significant increase in the Eigen frequencies with 

insertion depth using Prism 8 statistical package (GraphPad, San Diego CA, USA). Where 

results show significant non-zero slopes of p < 0.05 are considered as a (increasing) shift. 

Secondly, an exponential growth nonlinear regression analysis was performed on peak 

energy values to determine the ‘convergence’ of the data, as an indicator of implant fixa-

tion. The R2 “goodness of fit” coefficient was used as a quantifier of the scatter (higher 

value implies higher degree of fixation). Analysis was also performed with Prism 8. 

3. Results 

In this paper, we investigated the acoustic emissions caused by hammering on the 

hip replacement broach handle. Three experiments were performed to investigate the ef-

fect of AEs from broach insertion characteristics, the fixation quality with a larger and 

smaller broach, and fractured samples. 

2.6 General observations 

When hammered into the bone model, the simplified implant model produced fre-

quency bands centred around four main resonant peaks, namely 1400 Hz, 2500 Hz, 3150 

Hz and 4700 Hz, with a width of approximately 300 Hz. A typical hammer blow in raw 

audio signal is presented in Figure 2 (a) in the time domain and (b) the frequency domain, 

and a whole set of hammer blows is shown in Figure 2 (c). 

2.7 Energy spectral density 
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The analysed ESD plots shown in Figure 3 compare the in vitro bench top setup (a-c) 

versus an in situ cadaver study (d). The main observable peaks appeared to be consistent 

with each other, in terms of locations, although the peak energy heights of the non-fixated 

samples (b) are much greater than the well fixated group. In terms of determining fracture 

of the bone (c), it is difficult to determine (if at all), whether a fracture is present in the 

bone. 

 

 

Figure 3. The median ± interquartile range (shaded) ESD plots comparing between the (a) last 20 

hammer blows of the intact samples, vs (b) the undersized/underfitted broach, the (c) fractured 

samples, as well as the ESD recording from a pilot cadaver study using actual Depuy Synthes 

Corail components shown in (d). Interquartile range is shown instead of standard deviation be-

cause the distribution was asymmetrical. 

The number of significant peaks observed in the in situ study was 4, while the in situ 

study showed small peaks at approximately 1900 Hz, 2900 Hz, 3850 Hz, 4400 Hz, 6650 Hz 

and 15 kHz. An exceptionally high peak was observed at around 5550 Hz. The absolute 

value of signal energy was also much greater for the cadaver study, presumably as noted 

in the experiment section that the hammer blows exerted by the surgeon is greater than 

the controlled hammer blows from the rig. Despite these differences, the peaks recorded 

from both in vitro and in situ studies appeared in the same order of magnitude (in the 

range of 103-104 Hz), even though there are differences in materials and geometry. 

2.8 Insertion experiment 

Figure 2 (d) shows a positive correlation between the insertion depth and cumulative 

energy – the same amount of energy is given in each hammer strike, but as can be ob-

served, the initial insertion depth increases linearly, until approximately 10 mm deep, 

then slowly flattens to a plateau in the end. All samples follow the same pattern. It is clear 

in Figure 4 that all four peak energies from the ESD can be used as an indicator to predict 

the insertion depth for a controlled energy applied with the hammer. The R2 values of the 

exponential fit for resonant peaks 1-4 are 0.31, 0.78, 0.70 and 0.26 respectively (Table 5). 

An upwards shift in peak frequency trend (significantly non-zero slope with p<0.0004-

0.0001) was observed for the 3rd and 4th peaks in both the smaller and larger broach, when 

inserted further into the bone model (Table 6). 

(a) (b)

(c) (d)
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Figure 4. Capability of predicting insertion depth with frequencies by peak energy vs. insertion 

depth through the course of inserting the broach into the bone. (a-d) are the isolated peak energies 

(larger broach condition) for the four main peak frequencies at 1400 Hz, 2400 Hz, 3140 Hz and 

4660 Hz respectively with an exponential trendlines. The same graphs with hammer blows on the 

x-axis are shown in Supplementary Figure 3.  

Table 4. Simple linear regression of Figure 7. Frequency peaks 3 and 4 for both small and large 

broaches show correlating increasing pitch frequency with insertion depth. 

 (a) F. peak 

1 

(a) F. peak 

2 

(a) F. peak 

3 

(a) F. peak 

4 

(b) F. peak 

1 

(b) F. peak 

2 

(b) F. peak 

3 

(b) F. peak 

4 

Slope 0.1314 1.273 1.519 3.812 0.3982 -0.2705 1.331 1.5 

Y-inter-

cept 
1420 2466 3116 4641 1423 2201 3096 4634 

X-inter-

cept 
-10806 -1938 -2052 -1218 -3574 8135 -2326 -3090 

1/slope 7.609 0.7858 0.6585 0.2624 2.511 -3.696 0.7512 0.6667 

R squared 0.002108 0.05928 0.09989 0.1856 0.04461 0.008432 0.1517 0.1351 

Sy.x 17.49 30.97 27.93 51.12 20.37 32.61 34.75 42.06 

F 0.7329 21.93 38.06 59.94 4.529 0.5698 17.35 13.59 

DFn, DFd 1, 347 1, 348 1, 343 1, 263 1, 97 1, 67 1, 97 1, 87 

P value 0.3925 <0.0001 <0.0001 <0.0001 0.0359 0.453 <0.0001 0.0004 

Deviation 

from zero? 
NS **** **** **** * NS **** *** 

Equation 

Y = 

0.1314*X + 

1420 

Y = 

1.273*X + 

2466 

Y = 

1.519*X + 

3116 

Y = 

3.812*X + 

4641 

Y = 

0.3982*X + 

1423 

Y = -

0.2705*X + 

2201 

Y = 

1.331*X + 

3096 

Y = 

1.500*X + 

4634 

 

2.9 Fixation experiment:  
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The same experiment with the above insertion experiment was performed with a 

slightly smaller/thinner broach to simulate undersized implant, shown in Figure 5. The 

poorer fixation showed no- (a, c, d) or poor convergence (b) of the peak energies even as 

the stem went further into the bone model. The broach was also extracted after full inser-

tion. The smaller broach extraction force was recorded at 60±10 N, while the larger broach 

was recorded at 210±40 N. The extraction force for the large broach due to the tighter fit 

is higher and is thus considered more (adequately) fixated than the smaller broach. The 

R2 values of the exponential fit for resonant peaks 1-4 are 0.12, 0.51, 0.20 and 0.17 respec-

tively (Table 5), all lower than that of the larger broach. 

 

 

Figure 5. Capability of predicting fixation quality using the spread of data in peak energy vs. in-

sertion depth. (a-d) are the isolated peak energies (smaller broach condition) for the four main 

peak frequencies at 1400 Hz, 2220 Hz, 3140 Hz and 4660 Hz respectively with exponential trend-

lines. The same graphs with hammer blows on the x-axis are shown in Supplementary Figure 4. 

2.10 Fracture experiment 

The deliberately created crack in the bone model appeared to show similar resonant 

peaks (height, width and position), in Figure 3 (a, c), and from the isolated peak energy 

charts in Figure 6 (a-d), they appear to show a good degree of convergence, with the ex-

ception of the fourth peak (d). This is perhaps due to the small magnitude of the peak 

energy as observed in Figure 3 (c). Overall, it is difficult to distinguish between the non-

fractured and fractured groups. For the fractured bone condition, the R2 values of the ex-

ponential fit for resonant peaks 1-4 are 0.00, 0.44, 0.36 and 0.02 respectively (Table 5). These 

values are all lower compared to the larger broach; however, the 3rd and 4th peak fittings 

are higher than that of the smaller broach (Table 6). 
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Figure 6. (a-d) are the isolated peak energies of each hammer blow, plotted as peak energy vs. 

insertion depth (fractured bone model condition) for the four main peak frequencies at 1400 Hz, 

2400 Hz, 3140 Hz and 4660 Hz respectively with exponential trendlines. The same graphs with 

hammer blows on the x-axis are shown in Supplementary Figure 5. 

2.11 Cadaver pilot study 

To validate to which extent the results of the in vitro experiments was related to a 

real THA, the in situ results of the cadaver study were compared. We assumed an esti-

mated impact energy of 1.75 J exerted by the surgeon, following the calculations proposed 

in literature [18], with the mode of 3.5 kN as the average hammering force. While the exact 

insertion depth of the cadaver study was unknown, a rough approximation of 20 mm can 

be made. The broach inserted was a standard size 9, as specified in the Actis Surgical 

Technique [24]. 59 blows were needed to hammer the broach into its end position, giving 

an estimated cumulative energy of approximately 103.25 J – which is about an order of 

magnitude lower when compared to the bone model (~16 J). Table 4 shows the details 

between the in vitro and the in situ trial. The ESD of the cadaver study in Figure 3 (d) show 

different peaks (two main peaks as opposed to four) than the in vitro models (a-c), with 

different spread and peak magnitudes (1-6 times greater). There were two main peaks 

with several smaller peaks, instead of four main peaks. 

Table 5. Comparison between the in vitro bone model vs. in situ cadaver trial. 

 Bone model insertion 

experiment 

Cadaver trial 

Hammer blows [#] 50 59 

Insertion depth [mm] 23 20 

Energy per blow [J] 0.24 1.75 

Cumulative energy [J] 12 103.25 

Energy needed per unit length to advance broach 

[J/mm] 

0.52 5.16 

 

4. Discussion 
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We performed experiments with two broach models, a ‘normal’ condition and an 

undersized condition, and two bone models, non-fractured and fractured. The objectives 

were to identify differences that could help determine the insertion depth of the broach 

into the bone through controlled hammering, the differences between a well-fixated and 

an under-fixated broach, and finally, the prediction of an imminent fracture due to over 

insertion and/or excessive hammering force. In general, the bone and broach models pro-

vided us with the ability to carry out the in vitro experiments consistently. In both the in 

vitro and in situ study, the contact microphone recorded a remarkably low amount of am-

bient noise, which suggests that it can be a useful tool in the OR and not just limited to 

recording THA acoustic emissions. In all studies, the frequency peaks are clearly visible 

and can be isolated to analysed, for example the peak energy. The contact microphone 

used is mountable on the surgical handle and the vibration is transmitted without having 

to travel through air. In addition, the microphone is not invasive and is easy to place. 

Future designs can investigate a wireless solution. 

The bone model was designed this way so that batches of them can be made consist-

ently; artificial bone (vs. animal/cadaver bone) provides more consistency; and we expect 

the principles of the vibrations to be comparable between the model and actual bones, 

although the frequencies might differ. Additionally, PUR foam shares similar structure 

and compressive strength with trabecular bone [15, 19]. An effort was made to source hard 

wood but was unavailable but overall, the material was comparable (in Table 1) to real 

bone. When performing a frequency analysis during testing, the material properties that 

determine the eigen frequency of the bone model could be considered. We assume the 

eigen frequency of the bone model has a minimal impact on the measured vibrations, as 

the contact microphone was directly connected to the broach handle.  

To use the peak energies and frequency bands as a tool to measure insertion depth, 

this was possible by observing the gradually increasing trend in resonant frequency shift 

upwards – which is expected when considering this as a fixed-free cantilever beam where 

the effective free end becomes shorter. The upward frequency shift was visible in the third 

and the fourth peaks (Table 6 for significantly nonzero slopes where p < 0.05), in the order 

of ~100 Hz from the beginning to the end insertion over approximately 25 mm. This in-

crease would most likely increase further with a real broach, as the change in insertion 

distance is much greater. It would be possible then to predict insertion depth, if the input 

force/energy is known or controllable, an extrapolation could be made from the first few 

hammer blows. For example, taking the peak energies (2nd peak) recorded in the first ex-

periment. A logarithmic equation was obtained for Supplementary Figure 1, with inser-

tion depth (ID) in mm approximated as: 𝐼𝐷 = −7.7 ln
𝑃𝐸

1532
, where PE is the peak energy 

(Supplementary Figure 2). It is important to note that this equation is based on our bone 

model, and will likely differ in real life, although we believe the logarithmic trend is still 

valid. Other factors that may influence the insertion depth include the surgeon’s hammer-

ing force and bone quality. This supports our original hypothesis that cumulative energy 

can be used as a parameter for insertion depth prediction. The ability to predict insertion 

depth would therefore increase the fitting accuracy and prevent over-insertion. 

With fixation, we hypothesised that a difference is detectable between a well-fitted 

and an under-sized broach. The main difference identified here is that peaks 1 and 3 ap-

peared to be greater (more than double) than that of a well-fixated broach (Figure 3 (a) at 

±100 vs. (b) at ±200-300, other peaks at ±100). Presumably, a looser fit dampens the vibra-

tions less in an idealised free-fixed beam. The resonant frequencies (peaks 3 and 4) also 

shifted upwards significantly for both larger and smaller broaches (p<0.0004-0.0001), as 

the broach is inserted further into the bone model (Figure 7). On the contrary, the con-

sistency of the peak energies converged less between a poorly fixated and a well-fixated 

model (Figure 5 vs. Figure 4) as seen in the goodness of fit (R2) between the two datasets 

in Table 5. This finding was previously unreported in literature and in future the R2 value 

could be used as an indicator/threshold to determine the fixation quality. 
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Figure 7. The correlation between recorded frequency vs. broach insertion depth with linear trend-

lines. (a) shows the larger broach with good fixation and (b) shows the smaller broach with poor 

fixation. Each row represents the four main frequency peaks observed. 

Table 6. Curve-fitting of Figure 4 – Figure 6. The degree of convergence of the pitch consistency 

analogous to the goodness of fit (R2) suggests fixation quality. 

Nonlinear regression Peak energy 

Exponential growth equation 

Best-fit values 
Figure 4. (a) Figure 4. (b) Figure 4. (c) Figure 4. (d) 

Y0 1044 2041 624.1 192.6 

k -0.0826 -0.1519 -0.1009 -0.04061 

Tau -12.11 -6.585 -9.913 -24.62 

Doubling Time -8.391 -4.564 -6.871 -17.07 

R squared 0.3103 0.7783 0.6959 0.2554 

 Figure 5. (a) Figure 5. (b) Figure 5. (c) Figure 5. (d) 
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Y0 486.7 491.6 813.7 83.88 

k -0.01864 -0.1399 -0.02262 0.02983 

Tau -53.65 -7.15 -44.21 33.53 

Doubling Time -37.19 -4.956 -30.64 23.24 

R squared 0.1199 0.5147 0.1979 0.1682 

 Figure 6. (a) Figure 6. (b) Figure 6. (c) Figure 6. (d) 

Y0 285.7 505.9 393.7 145.3 

k 0.001743 -0.06232 -0.07446 -0.0145 

Tau 573.9 -16.05 -13.43 -68.98 

Doubling Time 397.8 -11.12 -9.309 -47.82 

R squared 0.0001033 0.4357 0.355 0.02008 

 

The peaks also appeared to differ in location and spacing, and thus, if the frequency 

patterns are known for a well-fixed implant, then it should be possible to identify under-

sized or inadequately fitted implants in a patient with an overall ESD view of the acoustic 

emissions. During THA, the measured values may differ from the reported values herein 

with the model, as human bone is harder than the wood model, the cumulative energy 

may be higher before the end point is reached (also depending on how the bone is 

reamed). The exact value of the peak energy also depends on age or bone density [23] and 

the measuring equipment and settings, as the amplitude of the audio file (.wav) is on a 

relative scale. Therefore, we suggest using a relative threshold for a more robust model to 

be used on clinical data. 

In regards to fracture, it was difficult to predict imminent fracture in our study. A set 

of data is shown in Supplementary Figure 4. This is the third peak energy graph for one 

of the samples. It can be observed that after the initial decrease in peak energies, the en-

ergy increased slowly as the hammer blows continued to insert the stem further into the 

bone. This small and steady increase was not as visible as the other non-fractured groups. 

Whether this small increment of peak energy is an indication of stable crack growth, is so 

far only conjecture and needs further examination. Other cracked samples were fractured 

much earlier in the test, so this trend was not observed. Only immediately after fracture 

can an increase in peak energy and scatter be observed (most probably due to decreased 

fixation), but this indicator would not be suitable to prevent fracture in our setup. 

A test carried out (Supplementary Figure 3) to see what it takes to crack the sample 

suggest that the insertion depth eventually stops advancing with each hammer blow, and 

that the energy of each strike has to be increased to advance the broach further, until the 

bone model cracks. This raises the question if a hammer force exists which is impossible 

to cause fractures, while achieving the desired fixation. We propose that a more realistic 

cracked bone model may also show different crack growth or propagation modes and 

whether a saw cut created herein is an appropriate representation of a fracture. Perhaps a 

more representative method would be to create the crack using a chisel, although the frac-

ture length would be less consistent. For now, though, it is difficult to predict fracture. We 

speculate regardless that fracture risk would be higher under a well-fixated condition 

than an under-fixated condition.  

In relation to the cadaver pilot study, the model performed well in terms of giving a 

similar range of peak resonant frequencies when comparing with the in situ pilot study 

tested in a cadaver. The cadaver study also demonstrated that the setup is suitable for use 

in the OR environment with minimal intrusion to the surgeon, although the data was only 

analysed after the session. The cumulative energy exerted by the surgeon was approxi-

mately an order of magnitude higher than that of the bone model (~102 J vs ~101 J), and 

about ten times more energy required to move the same distance when compared with 

the bone model. Even though this is a very rough estimate with limited sample size, it 

should give an idea on how the bone models used in this research compare to real bones 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 December 2021                   doi:10.20944/preprints202112.0019.v1

https://doi.org/10.20944/preprints202112.0019.v1


 

 

in OR conditions in terms of energies needed to insert a stem. It should be kept in mind 

that the way the broach handle connects to the broach may alter the acoustic emission. 

Additionally, the extra time spent setting up and configuring the device would cost 

expensive operating room (OR) time. So, the design of such AE measurement should take 

usage time into consideration. Furthermore, devices that can reduce OR time add value 

to the surgery – in this case, measuring AEs could help inserting the implant more effi-

ciently while also minimising the risk of bone fractures that need repairing. The use of 

vibration analysis in assessing broach and stem fixation and fracture detection can thus 

prove to be a powerful tool during THA, as well as an invaluable learning tool. As the 

experience of the surgeons plays a substantial role in the successful outcome of the sur-

gery, it is necessary that they are adequately trained for this procedure. A device that gives 

surgeons the feedback on the position and fixation of the broach and imminent fractures 

could help new orthopaedic surgeons develop the experience they need to perform the 

surgery more quickly. 

In future, this set of experiments should be carried out on real bones and conditions 

to gather more representative data, and to quantify the variability inherent in biological 

materials. The bone model was 20x less stiff than that of the human bone. The ideal “end 

points” in real life should also be quantified to build up a database for comparison. Ham-

mering sound recorded in the OR should be analysed in real time to provide and objective 

reading for the surgeon. A simple, no-setup display of the data should also be studied. 

For use in actual surgeries though, the microphone setup also needs to be made wireless 

and sterilisable. Alternative sound recording methods could also be explored, such as 

with a regular microphone, however, background noise issues will need to be isolated. 

Regardless of the method of recording, measuring acoustic emissions from arthroplasty 

surgeries, including the shoulder and the knee, could eventually become a mainstream 

tool to analyse the quality of implantation, as well as potentially insertion, fixation and 

fracture prediction and prevention, forming the basis for assisted autonomous arthro-

plasty surgery. 

5. Conclusions 

This paper explores the possibilities of using vibration analysis in arthroplasty sur-

geries in a user-friendly setup. While the earlier literature suggests that vibration analysis 

can offer considerable benefits such as insertion depth and fracture prediction, it has never 

been used in a small or convenient setup suitable for the OR. Insertion depth of the broach 

followed a predictable pattern with a known amount of energy applied at each hammer 

blow. Results suggest that the third and fourth resonant frequency during a hammer blow 

correlated with insertion depth. The fixation experiment showed that it is possible to iden-

tify the degree of fixation based on how well the recorded energy peaks converge. The 

fracture experiment showed that it is difficult to predict imminent fracture with the cur-

rent conditions, as the resonance peaks appeared quite similar to the group without a cut 

in the model. Only after cracking, the peak energy increased back to the original magni-

tude at the start of hammering. With further refinements to the system, such as sterilisa-

tion environment compatibility, and a display of the recorded data, it can eventually be 

implemented in clinical studies. 
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