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Abstract. Osseointegrated prosthesis has been utilized as an alternative treatment for transfemoral
amputation to replace the common prosthetic sock device, which has been complained by patients
as unsatisfactory due to the severe infection and pain. Osseointegrated prosthesis demonstrated
enormous advantages in improving mobility and quality of life for the amputee. However, the long
rehabilitation period, which forces patients to stay in bed for up to 18 months, limits the application
of the osseointegrated implant. Therefore, accurate and quantitative assessment method attracts
research interest in recent years. This paper investigates the capability of a vibrational analysis
technique using two unidirectional sensors on monitoring stages of the osseointegration process.
This assessment method has been proven to be sensitive to the stiffness change at the femur-
implant interface due to osseointegration. This paper mainly focuses on the further validation of
this vibrational method and E-index on three lengths of the residual femur. The colormap of the
cross-spectrum against the curing time demonstrates a clear step change in the magnitude.
Moreover, the E-index for these three lengths of residual femur shares a similar trend, which
dramatically increases after 300s and peaks above 0.8. The time when the gradient of the E-index
reaches its maximum is coincident with the initial bonding time of the epoxy adhesive which is
used to simulate the osseointegration process. The clear correlation between E-index to the curing
time evidences the capability of this vibrational method in monitoring the osseointegration process
and the potential of the E-index being a quantitative parameter to assess the stage of the
osseointegration process.

Introduction

Traumatic limb loss affects over 50 million patients worldwide [1]. Prosthetic limbs offer a
relatively secure and comfortable connection to the residual limb, improving the life quality of
amputees. The traditional design of the prosthesis is using the socket interface which contains a
socket that covers the remnant femur and links with the artificial limb, leading to severe skin
infections and pain in long-term utilization [2, 3]. Moreover, the application of the socket system
is limited by the specific requirement for the length of the residual limb [2, 4, 5]. The trans-femoral
osseointegrated implant (TFOI) is treated as an alternative method for amputees who suffer from
an above-knee amputation [3]. Unlike a conventional socket system, the osseointegrated implant
provides a direct connection between the residual limb and prosthesis by inserting the
intramedullary stem into the skeletal system. There are several types of TFOI currently clinically
available, such as the OPRA system and the ILP system. Patients with the osseointegrated implant
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experience significant improvement in control of prosthesis and joint mobility over the socket
system [6-8].

Even though the OI system has significantly reduced and eliminated some limitations of the
socket system [3, 7-10], various challenges remain for the osseointegrated implant, such as
infection and implant failure. It has been evidenced that there are approximately 40% of patients
suffered from infection, which mainly due to penetration of the implant [11]. Except for these
limitations, an extensive long rehabilitation period has also become another major concern for the
osseointegration implant. During the rehabilitation period, bone formation starts on the surface of
biocompatible material without the intervention of inter-positioned connective tissue [9, 12, 13].
The improved stability of the implant due to the stiffness increase at the femur-implant interface
is associated with the osseointegration process. Loading on the implant is restricted during the
rehabilitation, to avoid overloading at the femur-implant interface. In addition, this also prevents
the host bone damage and implant loosening. However, the slowness of the this inevitable period
causes amputee’s concern and frustration [14]. Hence, reliable assessment methods for the OI
process are essential to ensure initial and long-term implant stability. Currently, various
examination methods such as clinical X-ray and magnetic resonance imaging are used to assess
the in-vivo implant stability [3, 15, 16]. Nonetheless, these conventional methods are known to be
subjective and qualitative since their accuracies are mainly based on the interpretation and
judgment of the surgeon rather than using quantitative justifications (i.e. stiffness of the
connection) [2, 16-19]. Therefore, there is a significant interest in researching the robust and
quantitative method on monitoring the osseointegration process to personalise the rehabilitation
period based on the patient’s conditions.

Mechanical vibrational analysis is a non-destructive technique, which was widely used in the
assessment of the dental implant stability [15, 17, 20], monitoring the total hip arthroplasty
loosening [3, 21-25]. The research of vibrational methods on assessing the degree of
osseointegration for transfemoral implants has proven that the change in the dynamic properties
of the bone-implant system, such as resonance frequency and vibration modes, could identify the
variation of bone-implant interface conditions along with osseointegration progression [3, 15, 26-
28]. In the in vivo research reported by Shao et al [3], the resonance frequency gradually increased
during the rehabilitation process of a 40-year-old male patient, except for a reduction at first weight
bearing. Moreover, Cairns et al [15, 16] investigated the sensitivity of resonance frequency and
mode shape to the change at the femur-implant interface by varying the implant inserting torque.
The result demonstrated that by tracking the change in the particular modes over a specific
frequency range, it is possible to identify the degree of osseointegration. Recently, research
conducted by Lu et al [29] showed that the progression of the simulated osseointegration process
could be identified by utilising a time-progression cross-spectrum with a dual sensor measurement
method. In addition, they also proposed a new vibration parameter energy index (E-index), which
focused on the magnitude over a large frequency range from 0 to 10kHz, instead of selecting and
identifying the resonance frequencies based on the implant shape and residual femur length. The
results in the previous study revealed that E-index was significantly sensitive to the stiffness
change at the femur-implant interface regardless of the femur cross-section. In this paper, This
paper mainly focuses on the further validation of this vibrational method and E-index on three
lengths of the residual femur under in vitro conditions.

Methodology

The femur models which represented three different osteotomy levels of 228 mm, 190 mm and
152 mm measured from the knee respectively, were utilised in the experiment (see Fig. 1a). The
finding in [29] illustrated that the change in the cross-section of the residual femur has limited
effect on the accuracy of the vibrational method investigated in this study. Therefore, the primary
parameter that is of interest was the residual length and not the cross-section shape of the implant.
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Hence, in this study only an oval-shape implant was employed in this experiment to maintain the
consistency between each femur specimen. The implant design utilised in this study was developed
according to a design concept proposed by Russ, Fitzgerald, and Chiu (US20200188140) [30, 31],
which aims to embed sensors into the implant to assess implant stability under in vivo conditions.
The geometry of the custom-fit implant, shown in Fig. 1b, consisted of three components: cup-
shaped extramedullary (EM) strut, an intramedullary (IM) stem and a prosthesis stem. EM strut
provided the initial resistance to the axial and rotational movement, allowing close apposition of
bone to the surface of IM. After forming a secure connection between femur and implant, the

weight bearing load was applied thought the abutment, which was connected to the prosthesis
stem.

Intramedullary(IM) Stem

228mm EIII Extramedullary(EM) Strut

Prosthesis stem

(@) (b)
Fig. 1. Geometry of (a) Three lengths of residual femur compared to the intact femur(Green) and
(b) The novel osseointegration implant developed based on Patent US20200188140.

The implant specimens were 3D printed with ABS. The stem was extended from the base to
provide a loading point for the experiment. The diameter of the IM stem was slightly reduced by
2 mm to provide sufficient space for the application of the epoxy adhesive, which was used to
simulate the osseointegration process for the in vivo implant [2], as shown in Fig. 2b. An epoxy
adhesive with a setting time of 5 mins and a fully cured time of 16 h was used. Even though the
material properties of the adhesive are not an accurate representation of the osseointegration
process, the change in stiffness as a result of the curing process is similar to the bonding between
femur and femur introduced by the osseointegation process [18, 19, 32-35].

A

Hollow IM Stem

Adhesive

Femur

15
Implant
i

(a) (b)
Fig. 2. (a) Modified oval-shape implant with hollow IM stem for the experiment and (b) Cross-
section of femur-implant interface with adhesive epoxy

Extend base
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In the experiment, a 250 mm long Sawbone® composite femur model was fastened rigidly by
a vice through 3D printed adapter, as illustrated in Fig. 3. The femur mode was clamped at different
sections to simulate three length conditions of residual femur. The femur-implant system was
stimulated by an input loading through the strike point with an instrumented impact hammer (B&K
Type 8206). Two unidirectional accelerometers (B&K Type 4507), which were attached to the
bottom of the implant at location of S1 and S2, were arranged to measure the acceleration along
y-axis. The voltage from two sensors were acquired and analyzed by B&K PULSE with a
frequency bandwidth of 14.4kHz and frequency resolution of 1.125Hz. Due to the significant
increase in stiffness of the adhesive in the first 5 mins, the data were recorded at 30-second
intervals for the first 5 mins and 60-second intervals for 14 mins.

Fig. 3. Two-sensor setup for composite femur model with markers for three residual length
conditions.

The quality of the recorded signals and acceptable frequency range were evaluated and
determined via a coherence function as illustrated below:

|G11(f)Gzz(f)|2 (1)

Coh -
onerece = (NG ()

where G11(f) and G,,(f) are the autospectra of sensors 1 and 2, respectively, and G1(f) is
the complex conjugate of G11(f).

The E-index from the previous study was defined as ratio of integration of normalised
magnitude plot from a certain frequency range from lower frequency bound f; to target
frequency f; relative to the whole frequency range (f, to f;), refer below [29]:

E(t) = Eri(t)/Etotar (t) 2)
fi
Ep,(t) = . M*(f,t)df 3)
fi
Etotai(t) = ] M?(f,t)df “4)

where M (f,t) is the normalized magnitude at frequency f and cure time t, E;ypq;(t) is the
integration of normalised magnitude M (f, t) from f; to f; at cure time ¢, Ef, is the integration of
normalised magnitude M (f, t) from f, to f; at cure time t.

The selection of f,, f; and f; varies between each residual length condition and will be
discussed in the result section.
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Result

Determination of upper frequency band

The coherence, which was plotted against the adhesive cure time in frequency bandwidth of
14.4kHz for three residual length conditions was shown in Fig. 4. For all three conditions, the
magnitude distributed over a wide frequency range without significant peaks before 300s.
However after 300s, marked with yellow dashed line, several resonance peaks could be identified
at certain frequencies. These results indicated that resonance modes were suppressed by the
damping effect of the adhesive prior to the sufficient strength at the femur-implant interface.
Moreover, the plots illustrated that the coherence from 0 to 8000Hz, were generally above 0.8
indicating that the veracity of the data collected. Therefore, the upper bond (f;) in Equation (4)
was set to 8000Hz.

152mm ) 180mm

14,000 14,000 14,000

12,000 - = 12,000 12,000

10,000 0.7
) ¥ )
5 106
< 8000 % 8000 < 8000
Q [§)
c =
§ g § 105
o B o
2 6,000 & 6000 2 6,000
o 104
4,000 4,000 4,000 03
0.2
2000 2,000 [ 2,000
< 0.1
- i |
o — 0 0
0 300 500 1,000 0 300 500 1,000
Time(s) Time(s)
(@) (b) (c)

Fig. 4. Coherence function for residual length of (a) 152 mm, (b) 190 mm and (c) 228 mm.

Time-progression of Cross-spectrum

Fig. 5 exhibited the cross-spectrum of the normalized magnitude, which were plotted in the
frequency bandwidth of 8000Hz for three residual femur lengths. The cross-spectrums were
plotted at a cure time of 0, 150, 300, 600, and 1140 seconds, which aimed to show the magnitude
change relative to the simulated osseointegration process. For all three length conditions, at the
early stage of the adhesive curing process (before 300 seconds), the response was flat and the
resonant modes were hard to spot in the plots except for the vibration modes located at the lower
frequency range (frequency smaller than 1500Hz), as marked with vertical dash-dotted line. There
are several peaks that could be visually recognized in the cross-spectrum after the adhesive setting
time of 300 seconds such as 2500, 2900, 2700Hz for 152, 190 and 228 mm respectively, as
indicated in the plot. Along with a cure time increasing, the selected peak became noticeable with
curing time. This finding indicated that the change of the interface condition could be detected by
the specific resonant modes by track the change along the curing time.
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Fig. 5. Cross-spectrum of normalised magnitude for three residual femur length at cure time 0,
150, 300, 600, and 1140 seconds.

Different from Fig. 5, the colormap in Fig. 6 demonstrated the development of the resonance
peaks over a continuous time frame rather than several discrete time spots. Before 300 seconds,
which was indicated with a vertical yellow dash-dotted line, the vibration modes were hard to
determine except for the modes that located below 1500Hz, which were not affected by the
interface condition change. Therefore, the lower frequency bound for the E-index, f;, was set to
1500Hz for all three length conditions, refer to Equation (3) & (4). By setting the lower bond of
integration, the ability of the E-index on monitoring the degree of osseointegration was enhanced
by excluding the frequency peaks not being relevant to the simulated osseointegration process.
During the early stage of curing time, the frequency modes over 1500Hz are impeded by the
damping induced by the soft adhesive. A clear step change on the magnitude of resonance peaks
at 300s, which is coincident with setting time. After 300s (5 mins setting time), multiple resonance
peaks appeared, especially for the peaks located between 2000 to 3000Hz. With the further curing
of the adhesive, large variation in the resonant peaks along the cure time were identified around
2500Hz for 152 mm , 2900Hz for 190m and 2700Hz for 228 mm conditions. Therefore, to enhance
the sensitive of the E-index, the target frequency f; was set to 2500, 2900 and 2700Hz for 152, 190
and 228 mm, respectively, refer to Equation (3), to ensure that frequency range covered by the E-
index has large magnitude changes related to the stiffness changes induced by the simulated
osseointegration process.
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Fig. 6. Time-progression of cross-spectrum as the function of cure time for (a) 152 mm, (b) 190
mm and (c) 228 mm

E-index as function of curing time

Fig. 7 generated from the E-index formula based on the specific frequency ranges selected based
on the above results for each remnant femur length. Even though there are some fluctuations in
the E-index, the plots share a general trend that the E-index gradually increases to a value and
stabilises above above 0.8, indicating the implant securely bonded with the femur. This behaviour
of E-index over curing time evidenced that the interface stiffness change incurred by the curing of
the adhesive is clearly represented by the the E-index through time. In addition, Table 1
demonstrates the change in the E-index at the end of the experiment relative to the value at t = 0.
The E-index demonstrated an averaged increase over 50% with minimum change of 47%, which
is significantly larger, compared to the 3% of resonance frequency analysis [3] and 10-47%
difference and modal analysis [15], for all three remnant length conditions.
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Fig. 7. E-index development as the function of cure time.
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Table 1 Difference of E-index (Relative to the 0s) for each length condition

Length Difference (relative to t ) (%)
152 mm 52.55
190 mm 47.59
228 mm 54.89
Averaged 51.67

Conclusion

The work presented has shown that the degree of the osseointegration which is simulated by using
two-part adhesive epoxy, could be assessed with the dynamic response of femur-implant system.
Cross-spectrum and colormap of the normalised magnitude over curing time, has demonstrated
significant changes which were related to the increase in stiffness due to the curing of epoxy,
indicating that the application of these plots could advance the accuracy of diagnostic techniques.
Furthermore, the accuracy and reliability E-index from previous work [29] is further investigated
in this study with three residual femur length conditions. The results have indicated a clear trend
and significant shift of averaged 51% of E-index along the simulated osseointegration for all three
lengths. This finding evidenced the capability of E-index as a quantitative approach to monitor the
degree of osseointegration without the burdens of selecting and identifying the specific resonant
peaks based on length of residual femur. Future work includes the validation of this E-index
method, and research on combining the E-index method with the novel implant, which will
intergrate the sensors with structure to assess the osseointegration under in-vivo conditions.
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