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ABSTRACT 

A continuous quantitative osseointegration measurand will facilitate evaluation of the implant structural 
integrity upon installation and its through-life assessment. It can potentially promote shorter patient’s 
rehabilitation and early mobilisation. This paper presents a stress wave approach to assess the degree of 
osseointegration of a novel implant when applied to a long bone (e.g. femur). This study computationally 
investigates the viability of using stress wave propagation in a new custom-made implant. This work 
was conducted using aluminium surrogate models of bones and implants. The Young’s Modulus of a 1 
mm layer between the bone and design is varied from 1% to 100% (fully osseointegrated) of the parent 
material to simulate the osseointegration process. A normal force input comprising of a 1MHz triangular 
pulse was excited at one of the extramedullary struts.  The degree of osseointegration was assessed using 
two sensors located on the adjacent and furthest struts. The study shows an osseointegration index is 
formulated by using engineering and ultrasonic methods to potentially help evaluate the unification of 
a bone and implant. 

1. Introduction

This paper computationally investigates the potential use of ultrasonic wave to assess the level of 
osseointegration of a bone and prosthesis for continuous human health monitoring. Finite Element 
investigation is conducted to determine the changes in frequency response as the specimen 
osseointegrates at the interface between the simulated bone and implant. The potential adoption of an 
ultrasonic concept from structural health monitoring and engineering principles, which are frequently 
researched to aid structural integrity and damage evaluation, helps establish a quantitative method to 
improve assessment on patients with osseointegrating prostheses and future implant designs. 

Osseointegration technique was first pioneered by Rickard Bårenmark in 1965, and since then it has 
been extended to orthopaedics and limb amputees. The osseointegration process is complex and many 
factors affect bone formation at the implant surface[1, 2]. Studies have indicated that patients with 
osseointegrated prosthesis have improved mobility and better quality of life compared to patients with 
socket prosthesis [3-6]. A standard osseointegration trans-femoral implant involves two stages: an implant 
inserted into the femur and later an abutment is fitted to the implant[7]. Generally, the healing phase takes 
6 months, however this duration may be shortened and patients can resume normal functionality 
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depending on their bone quality [8]. Unfortunately, micromotion during the initial stage of bone healing 
can cause a lack of integration due to a local infection on the skin-implant interface. However, the 
currently available implants have been reported to be experiencing bone stress shielding and bone loss 
which negatively limits the implant longevity [9-11]. More complex and advancement in fixation and 
implants have been studied to promote improved quality of life; shorter osseointegration and 
rehabilitation durations [9-21]. 
 

 
 

Figure 1. Anteroposterior radiographic images of a Compress ® proximal tibial fixation (a) failed: 
radiolucencies at the bone-prosthetic interface and loss of compression distance, and (b) stable at 9.3 

years post-implantation; images from O’Donnell [20]. 
 
The state-of-the-art osseointegration assessment involves radiographic study (see Figure 1) which is 
subjective and open to interpret variability in which its accuracy depends on the surgeon’s experience[16]. 
Most proposed methods [22-24] are invasive in nature and inaccurate to effectively assess the degree of 
osseointegration. Ultrasonic wave propagation has been actively used as a non-destructive technique to 
interrogate structures for damages [25-33]. Furthermore, numerous studies have used ultrasonic 
approaches to potentially assess bone quality and osseointegrated dental implants [25, 34-43]. However, 
ultrasonic techniques have not been introduced to quantitative assess the osseointegration of bone and 
implant/prosthesis. 
 
The objective of this study is to computationally explore a fundamental assessment model to monitor 
osseointegration of a novel implant design in long bone by using ultrasonic stress waves. This ultrasonic 
approach is based on measuring frequency response to determine the state of unification. Furthermore, 
an index is formulated to measure the level of osseointegration. This study intends to instigate and 
promote further development of smart human health monitoring design for more informative and robust 
health care for patients with implants. 
 
2. Background 
 
The clinical used osseointegrated leg prostheses are the OPRA system (Osseointegrated Prostheses for 
the Rehabilitation of Amputees) [8], the ILP system (Integrated Leg Prosthesis) [44] and Compress ® 
device. The OPRA system comprises an intramedullary titanium screw, the ILP system involves a press-
fit intramedullary implant, while the Compress ® device uses compressive force at the bone-implant 
interface [19-21]. However, its processes involve a large amount of cancellous bone to be removed by 
reaming which will negatively impact the osteogenic factor. Furthermore, clinically and numerically 
assessments have reported on bone resorption and stress shielding in the near-prosthetic location of these 
implants, which is known to cause aseptic loosening and construct failure [9-11, 17].  
 



 

 
 

Russ, Fitzgerald & Chiu recently developed a new customisable osseointegration implant for long bones 
(Australian Patent No. 2017902308)[45]. Russ et al. [16] reported on the novel osseointegration implant 
design which combines the extramedullary struts and intramedullary stem to ensure that both primary 
(short-term) and secondary (long-term) stabilities, refer to Figure 2. This is the first optimisable implant 
design that can be installed without the need for reaming or bone removal. The process involves using 
computed tomography (CT) imaging of the remaining long bone for a perfect fit. Finite element analysis 
process is then considered to optimise the shape and stress for each individual patient, minimising stress 
shielding and bone loss, and ensure optimal stress distribution [14, 16]. This will promote early patient 
mobility by providing initial stability allowing for immediate physiologic loading-bearing[16]. In addition, 
this implant design can incorporate potential sensing technique by embedding sensors on the 
extramedullary struts and/or intramedullary stem. This study considers this novel implant design to 
demonstrate the use of ultrasonic for osseointegration monitoring. 

 
Figure 2. Prototype of novel osseointegration implant design[16] 

 
This paper will focus on the applicability of propagating stress wave for osseointegration assessment of 
the extramedullary struts to the femur. In order to evaluate the degree of osseointegration, the ultrasonic 
methods and frequency analysis techniques, which have been used for SHM to describe the material 
mechanical properties, are considered [25, 27-33]. In engineering application, the scattering signature due 
to the interaction of the incident input signal and damage possesses viable information to facilitate 
damage characterisation. In this particular study, the bone-implant ultrasonic wave signature contains 
insightful information that is associated with osseointegration. The ultrasonic evaluation has been 
studied in bone assessments, such as fracture healing, structural form, and osteoporosis, by utilising the 
propagation velocity and time-of-flight method [36-39].  
 
An active ultrasonic monitoring system involves an actuator and receiver sensors located on the different 
struts of the design to measure the frequency responses as the specimen unifies. The actuator excites; 
transmits energy, in a form of stress waves, and as the specimen unifies, the energy transmission changes 
due to the change in stiffness of the overall construct. This study incorporates the fundamental concept 
introduced by Lichtenwalner et. al.[31], where the difference signals were used to determine a single 
metric for damage. This statistical concept was adopted by Wong et. al. [46] for monitoring the fracture 
healing of an internally fixated pelvis by using vibration analysis. This proposed scheme uses the 
difference signal in the frequency domain and the concept of transfer energy to formulate an 
Osseointegration Index (O-Index). The O-Index is the normalised difference in energy relative to the 
baseline energy, refer below: 
 𝑂𝑠𝑠𝑒𝑜𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 (𝑇 = 𝑇𝑖) ∝ ∫  |𝐺(𝑇, 𝑓)|2|𝐺(𝑇0, 𝑓)|2 𝑑𝑓𝑓2𝑓1   𝐺(𝑇, 𝑓) = ∫ 𝑔(𝑇, 𝑡)𝑒−𝑖2𝜋𝑓𝑡𝑑𝑡∞

−∞  𝑔(𝑇, 𝑡) = 𝑔(𝑇𝑖, 𝑡) − 𝑔(𝑇0, 𝑡)      (1) 



 

 
 

 
Where 𝑔(𝑇, 𝑡) is the difference in time signal relative to initial osseointegration time 𝑇0 = 0 minute, 𝑓 
is frequency, and 𝐺(𝑇, 𝑓) is the Fourier Transform of the difference in time signal.  
 

 
Figure 3. Osseointegration Index and its time derivative ideal models. 

 
Previous studies have discussed the healing characteristics of a fractured bone, which is associated with 
the increase of whole-bone stiffness [47-49]. It is anticipated that the osseointegration process trend is 
similar to bone healing. The O-Index is categorised into 3 stages (refer to Figure 3): First stage (early 
healing stage) where the gradient increases; Second stage (rapid healing stage) highest gradient hence 
point of inflection; and last stage (late healing stage) gradient decrease and signal plateaus. Additionally, 
the time derivative of O-Index is an essential supplementary metric that helps identify the point of 
inflection and the stages. 
 
This study presents an ultrasonic stress wave approach to measure osseointegration levels of bone-
implant for human health monitoring and assessment. The frequency analysis and formulated O-Index 
are conducted to discuss the wave propagation in the construct as the bone-implant osseointegrates. This 
computational study presents findings that will complement our forthcoming experimental work to 
validate this ultrasonic concept. 
 
2. Computational Analysis 
 
In the computational study, ANSYS 18.0 is used as the Finite Element (FE) computational analysis tool 
to simulate wave generation and propagation in the 3D cylinder. In this exploratory study, the aim is to 
understand the propagation of the stress wave at the extramedullary struts and how it can be used to 
determine the degree of osseointegration. The choice material used is aluminium (density 2700kg/m2, 
Poisson ratio of 0.33 and Young modulus of 69 GPa). The global cubic mesh of size 0.5mm and time 
step 0.5ns which satisfy the standard stability criterion for explicit time integration of being less than or 
equal to 0.8L/C, where L denotes the smallest element length, and C is the fastest wave speed. The total 
time duration is 60µs. The objective of the FE investigation is to determine the wave propagating in the 
aluminium cylinder and novel implant design.  

 
Figure 4. FE model of aluminium cylinder and simple 4-extramedulllary-strut implant design. 

 
 



 

 
 

The FE model consists of a small 130mm length aluminium cylinder tube (bone) of outer diameter 
25mm with 3mm thick and the implant design is 65mm in length and an outer diameter of 32mm with 
3mm thick (refer to Figure 4). The extramedullary struts extend 50mm in length, case depth of 15mm 
and 2mm back cover. The gap between extramedullary struts is 10mm. A 1 mm layer, between the 
cylinder and design, is modelled with Young’s modulus, 𝐸, varying from 1%, 10%, 25%, 50%, 75% 
and 100% (Fully unified specimen) of the parent aluminium Young’s modulus (𝐸𝑝 = 69𝐺𝑃𝑎) to 
simulate the  callus formation as bone fracture heals [34, 38, 48, 50]. In a physiological perspective, the 
healing process begins from blood clots to callus mineralisation and ossification which is similar to the 
curing process of viscous elastic epoxy from liquid to solid [51, 52]. 
 
A normal force is employed on the tip of an extramedullary strut to generate a 1MHz triangular pulse 
signal and two recorded locations are at the tip of the adjacent (Near) and furthest (Far) struts, refer to 
Figure 4. The displacements are recorded at each sensor location. In order to observe the changes in the 
output signal, the signals are analysed and interpreted in the frequency-domain. A 2D Fast Fourier 
Transformation is performed on the outer circumference to create a dispersion curve to identify 
dominant wave modes for a free tube from DISPERSE[53]. The circumferential guided-wave modes for 
a traction-free thin cylinder are dispersive (group and phase velocities dependent on frequency-thickness) 
and its dispersion curves are very similar to the Lamb wave modes (guided-wave in plates) when the 
ratio to thickness ratio is large [53, 54]. Hence, within this frequency-thickness regime, the fundamental 
circumferential antisymmetric (A0) and symmetric (S0) Lamb wave modes are dominant. MATLAB 
R2017b is used to create a spectrogram, an energy density of the short time Fourier transform, which 
allows a convenient observation in a transient time-frequency domain. 
 
2. Results 
 
For the purpose to understand the wave propagation, the FE dispersion curve of the cylinder 
circumference indicates an overall strong dominant of A0 mode and followed by relatively weaker S0 
mode in the 500-600 kHz range as shown in Figure 5. There is a presence of higher-order modes 
propagation however it is significantly weaker than the fundamental waves.  
 

 
Figure 5. FE Dispersion curve a 1MHz triangular pulse along the cylinder circumference. 

 
The near and far-cases spectrograms are shown in Figures 6 and 7. The first wave arrival is shown to be 
at most 10µs earlier than 0.10𝐸𝑃 for both near and far locations, which indicated a significant transfer 
of energy to the extramedullary struts. As Young’s modulus increases to 0.10𝐸𝑃, an increase of energy 
associated to frequencies below 250 kHz is apparent. Beyond 0.10𝐸𝑃, there is an increase in energy 



 

 
 

associated to frequencies between 250-650 kHz, refer to Figure 6 and 7. Beyond the first 25µs of the 
first wave arrival, the complex response is a mixture of reflected and mode converted waves from the 
boundaries. 

 
Figure 6: Near-case spectrogram for 1%, 10%, 25%, 50%, 75% and 100% of parent Young’s Modulus. 

 
Figure 7: Far-case spectrogram for 1%, 10%, 25%, 50%, 75% and 100% of parent Young’s Modulus. 
 
 
The formula from Eqn. 1 was used to produce the O-Index graphs over different adhesive layer Young’s 
Modulus, shown in Figure 8. It is of particular interest to capture the transmitted waves, and hence 25µs 
after the first signal arrival and frequency between 50-800kHz are considered to formulate the O-Index. 
It is shown that the O-Index graphs trend similarly to the three healing stages model, refer in Figure 3.  
 

1. (Stage 1) From 0.01𝐸𝑃 to 0.10𝐸𝑃, the trend gradually increases due to the transmission of lower 
frequency (<250kHz). 

2. (Stage 2) From 0.10𝐸𝑃 to 0.50𝐸𝑃, the rapid increase to approximately 0.25𝐸𝑃, is due to the 
immediate transmission of higher frequency (250kHz - 650kHz). 

3. (Stage 3) From 0.50𝐸𝑃  to 1.00𝐸𝑃 , trend plateaus due to the reduced rate of change in 
frequencies. 

 



 

 
 

 
 
Figure 8: Osseointegration Index for (a) Near-case and (b) Far-case; showing the three different stages. 
 
The O-Index helps categorise the osseointegration and healing processes into key stages for patient 
evaluations. This simple metric will potentially aid in identifying common failures such as infection and 
aseptic loosening. Furthermore, rehabilitation time can be optimised for amputee patients to return to 
normal functionality. Ongoing experimental investigations of incorporating continuous monitoring 
techniques are in progress and upcoming studies on clinical trials for the novel implant design will be 
commencing. 
 
 
3. Conclusions 

 
A stress wave technique to analyse the frequency response has demonstrated for potential assessing and 
monitoring osseointegration. The aluminium bone and novel implant design were interrogated by stress 
waves to observe the changes in frequency response with different adhesive layer Young’s Modulus. As 
adhesive layer Young’s Modulus increases, the frequency response (<650 kHz) increases and arrives 
approximately 10µs earlier than the 0.01𝐸𝑃  case. The formulated O-Index helps in identifying the 
different stages of osseointegration for continuous monitoring of the bone and implant. This study 
establishes a preliminary concept for the use of ultrasonic stress wave method for assessing 
osseointegrated prosthesis with bone. Future work is currently underway to further investigate ultrasonic 
methods in clinical trials and to optimise on novel implant design for continuous monitoring. 
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