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Abstract— Total joint arthroplasty procedures are increasing year on year, however, the complications that are

associated with the joint arthroplasty remain. Using total
elbow arthroplasty as a case study due to the high
loosening rates, a technique has been further developed
to accurately monitor the position of the prosthesis.
Micromotion detection of endoprosthetic elbow
prostheses is vital for longevity along with timely,
adequate treatment. At present, radiographs are used to
monitor the prostheses position at the macro-scale
which lacks in early detection of prostheses loosening.
In this work, a multiple magnetic sensor (multi-sensor)
configuration was designed that can detect real-time
micromotion of the elbow prosthesis without the use of
radiographs. The proposed approach can detect 0.15
mm micromotion with an average error below 0.05 mm
linearly. This method also eliminated the tilting effect
and increase the sensitivity of the system to 18 mm
along with improving the signal to noise ratio and
reducing RMS error compared to a single sensor
configuration.
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|. Introduction

Total joint arthroplasty is a largely effective reconstruction
technique to restore the mobility of major joints such as
hips, knees, shoulders, and elbows, which are severely affected
by arthritis or acute injury [1-4]. Joint replacement has
continually increased with over 2 million replacements
registered in the 2018 National Joint Register [5]. In these
procedures, the surgeon removes the damaged bone and
cartilage from the joint and replaces them with a metal alloy
(Titanium, CrCO) and ultra-high molecular weight
polyethylene (UHMWPE) implant to restore the alignment and
function of the joint. Despite the increase in prevalence, aseptic
loosening due to mechanical factors, and septic loosening due
to infection, are still the leading causes of joint failures and
subsequent revisions [6-8]. Total elbow arthroplasty (TEA) is
particularly problematic. According to the different orthopedic
joint registries around the globe, about 12-15 % of elbow
surgeries go through revision [9-13]. Revision surgery is more
costly, traumatic, and leads to the subsequent loss of tissue as
compared to primary surgery. The outcomes are also poorer
than primary surgery [14]. The ratio of primary surgery to
revision surgery, known as the revision burden, ranges from 6
to 30 % across different national joint registries[15]. These rates
are up to 3 times higher than hip, knee, and shoulder
arthroplasty (5-11 %). The reason for such a high revision
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burden is the complications that are associated with TEA i.e.
aseptic loosening, infection, peri-prosthetic fractures,
instability, and other mechanical complications [16-18]. Due to
advancements in surgical techniques, operative procedures,
sterile protocol, and patient optimisation the rate of surgical site
infection has declined after rising for a decade [19].

Still, about 47 % of revision surgeries are carried out because
of aseptic loosening, which is the migration/displacement of the
implant from its original position [20]. According to Kienapfel
et al. (1999), the relative migration of the implant from its
original position leads to the ingrowth of fibrous tissue rather
than bone [21]. Therefore, proper fixation of the implant is
essential to avoid unnecessary growth of fibrous tissue. It can
only be achieved if there is a stable interface between implant
and bone. According to different studies, less than 150 um
motion of the implant is required to avoid fibrous tissue and
promote ingrowth. Beyond this limit, there is a risk of implant
loosening [22-24].

The sooner this relative migration is identified, the better
chance of saving the implant from loosening by offering
revision surgery sooner may prevent bone loss and lead to less
complex surgery. However, clinical methods that are used to
monitor the implant position have low sensitivity and accuracy
which leads to late recognition of bone loss and uncertainty in
revision surgery. Currently, for the monitoring of the implant
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position, imaging methods especially radiographs (non-nuclear
and nuclear) are used. The standard x-ray (radiograph) can
evaluate implant loosening based on radiolucent lines but they
fail in identifying early signs of loosening [25]. Radiographs
typically have a resolution of 0.33 mm (3 line pairs/mm) [26],
however radiographic images are a projection of overlapping
tissue structures making it difficult to identify implant
detachment, which 1is indicated by a continuous dark
radiolucent line around the implant. Also, the inter-
observability correlation for radiographic line assessment has
been shown to be poor as demonstrated by significant
differences between observers in a study by Bach et al. (2001)
on total knee replacements [27]. Alternatively, nuclear imaging
techniques can give good 3D imaging and provide a good
characterisation of bone metabolism [25, 28]. However, they
are also unable to detect micromotion. For this paper,
micromotion is defined as sub-millimeter movement. To date,
Radio Stereometric Analysis (RSA) is the only system used that
can detect sub-millimeter movement [29], however, this system
is limited to research and clinical studies only.

In vivo relative displacement of the implant can also be
measured by means of embedding sensors into or around the
implant. Vibrometery-based loosening detection has been used
clinically and reported in the literature to achieve a 20 %
improvement in specificity compared to x rays [30]. However,
these techniques are limited by their low signal to noise ratio
and low sensitivity i.e. They are only able to detect when 15 %
of the implant surface is loosed [31].

More recently, other sensor-based implant displacement

techniques have emerged such as eddy current sensors [15] and
piezoelectric nanoparticles [29] that can theoretically achieve
sub-millimeter resolution. However, they are still in the
experimental or theoretical stage with further development
needed to address issues such as biocompatibility.
Due to the aforementioned limitations of current techniques, we
proposed a micromotion detection technique based on varying
magnetic fields. The concept is described in detail as a single-
configuration proof-of-concept in our previous published work
as described in Khan at el. (2021) [32], in which the change in
the magnetic field can be translated into implant localisation.

In this present work, a new multi-sensor configuration is
proposed with the hypothesis that this configuration and
filtering techniques applied will improve position recognition
and motion detection through improving the signal to noise
ratio, resolution and sensitivity and reducing error compared to
the previous single-sensor system.

Il. METHODS AND MATERIALS

In order to measure the radiograph-free migration of the
elbow prosthesis, we designed a magnetic measuring system
consisting of a magnetic sensing multi-array (multi-sensors)
hermetically sealed in Titanium metal, a sealed magnet
embedded in a surgical guide hole made of ultra-high molecular
weight polyethylene (UHMWPE) and a layer of
polymethylmethacrylate (PMMA) bone cement between them
to mimic the original implant position as shown in figure 1. A
single sensor configuration of the magnetic system as a proof-
of-concept to this study has been published in detail [32] . The
selection of the magnetic system was based on the human

body's transparency towards magnetic fields and the negligible
effect of prosthesis material on magnetic flow. The negligible
effect of the prosthesis materials was verified by Arami et al
[33].

In this study, a compact 3D magnetic sensor (Infineon,
TLV493D) with digital output via the I2C bus was used to
detect the position of the implant and its motion at sub-
millimeter level via measuring the magnetic field intensity
emitted from the magnet in 3 orthogonal directions, having
resolution of 0.3mm linear and 0.5-degree angular detection
[33]. In this paper, position is defined as the absolute location
of the sensor with respect to the magnet and micromotion is
defined as the sub-millimeter relative movement of the implant.
The sensors were mounted on the rigid base (PCB). The size of
the rigid base (PCB) was designed based on the dimensions of
a commercially available humeral stem diameter. According to
the Zimmer Conrad/Morrey implant, the diameter of the
humeral stem varies from 6 mm to 20 mm [34]. As the multi-
sensor configuration requires total space of 10 mm, an extra 6
mm was added in our final PCB design for the auxiliary
components. The stem implant was designed to encapsulate the
sensor; however, the power supply and signal transmission was
wired through the base of the stem to an external DAQ card
(National Instrument, MyRio 1900, Austin, TX, USA) (figure
1b).

Figure la highlights the dimension of the surgical guided
hole and it was positioned in parallel. to the multiple sensors at
a distance x = 0 mm, y = 3 mm, and z = 15 mm, respectively.
Figure 1b shows the layout of the PCB along with the position
of multiple sensors (S1 to S4). The sensors were placed in the
cross formation so that each pair of sensors has one common
axes. Each sensor was placed 3mm apart from the center of the
PCB. The sensor’s crossed formation was based on the
hypothesis that each sensor will experience same magnetic field
along with the stray magnetic field and by subtracting the
summed magnetic field of the pair of the sensor will reduce the
noise content i.e., by implementing the differential sensing.
Another reason of this arrangement was the common mode
rejection of electronic noise which will subside the random
noise associated with the sensors.

| (A) 7 mm 84om,.

Fig. 1. (a) Dimensions of the magnet and surgical guide hole. (b) Printed
circuit board (PCB) dimension along with sensor placement positions.
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Fig. 2. Flow chart for initialisation, configuring and allocating the 2-bit
address to each sensor.

My DAQ RIO 1900 (National Instruments, Austin, TX,
USA) was used as a data acquisition device for initialising,
configuring, and retrieving data from the multi-sensor. In multi-
sensor configuration, each sensor needs to be configured via the
12C bus and was allocated with a specific 2-bit address. Figure
2 describes the initilisation and configuration process for how
to achieve the specific bit address for sensor S1, S2, to S4. The
selection of magnet material was based on the magnetic field
strength and its size and shape were according to the dimension
of the surgical guiding hole as shown in figure 1a. The magnet
and sensor configuration has been described in more detail in a
filed patent application (GB 2005220.5) [35].

PALACOS PMMA bone cement mixture (Heracus Medical,
Hanau, Germany) was used as the fixture medium for the
humeral stem. The bone cement consists of solid powder along
with liquid monomer. Both contents were mixed according to
supplier instruction with a ratio of 2:1 in the fume cabinet.
When the cement was in semi-solid form it was poured in
different sized slabs ranging from 5-10 mm.

The magnetic field from the magnet embedded in the surgical
guide hole can be detected by the multi-sensor. Consequently,
the migration of the humeral component results in a change of
the magnetic field which was measured by the sensors. The
feasibility of such a magnetic measuring system has previously
been described in Khan et al. (2021) [32] demonstrating a 0.3
mm linear migration using a single sensor configuration. The
paper also describes a negligible effect found from biomaterials

on detection. But the limitation of the single sensor
configuration was a limited working range of between 10-15
mm between magnet and sensor. Also, the system had a tilt
effect, which is defined as shift that results in a non-parallel
alignment between sensor and magnet which causes error in
subsequent perceived displacements. Due to tilt effect the
system was only able to detect angular motion up to a certain
degree of movement depending upon magnet orientation and
position.

In this new configuration the same magnetic measuring
principle is used however, in this case it is tested in a multi-
sensor array with additional filtering algorithms not tested in
the previous study.

A. Multi-Sensor Data Processing

To detect implant displacement, we investigated the
relationship between the magnetic field and the applied
displacement. The detection of the magnetic field of the multi-
sensor in determining the localisation of the magnet was
investigated at different distances by first initialising and
configuring each sensor as shown in figure 2. After
configuration each sensor detect magnetic field in all three axes.
In this study, instead of using single sensor data we summed the
magnetic field of all the sensors in the x and y axes and took the
mean of the z-axis as shown in equation 1-3.
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Where Bxc, Byc, and Bzc are the combined magnetic field of
the multi-sensor in all three axes and Bx, By, and Bz are the
magnetic flux intensities of the single magnetic sensor. n is the
total number of sensor pairs.

To detect the implant displacement, we need to determine the
position of the magnet with respect to the sensor in all three
axes. The z-axis position (z-distance) is the distance between
the magnet and multi-sensor. According to Chao Hu et al.
(2007), the theoretical localisation of the axially magnetised
magnet can be determined by using equation 4 [36].
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Where M is the magnetisation of the magnet axially, p, is the
relative magnetic permeability, H,,, is the height of the magnet,
z is the distance from the pole of the magnet and D,, is the
diameter of the magnet.

Using the same working principle as described in Khan et al
(2021) to detect single sensor z-distance value, we were able to
determine the z-distance value in the multi-configuration sensor
by using the sum of the magnetic field intensities of multi-

M
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sensor Bxc, Byc and Bzc instead of the single sensor magnetic
intensity as shown in equation 5.

z+H, z \‘ (5)
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Also, at the same time, the magnetic field variations detected
by the individual sensors were also investigated. After finding
the z-distance value, the migration of the implant in the x and
y-axis can be calculated by using equations 6-9.

B
= tan! (ﬂ) 6
a = tan B, (6)
B
= tan~! (LC) 7
f=tan (7)
y distance = z distance(tan a) ®)
x distance = z distance(tan f8) ®

B. Filter Technique

The data received from the sensors were smoothed using a
discrete wavelet transform (DWT) de-noising technique to
estimate the signal from the sensor and remove the noise
component. DWT provides an effective de-noising with
minimal computational complexity. The DWT de-noising
technique consists of three steps with five parameters.

First, the data from the sensor needs to be transformed into a
wavelet domain with the length of the signal power of 2. This
transformation can be done by selecting a mother wavelet
function (@) from the wavelet family. Theoretically, there exists
a different type of wavelet function but among them, 22 wavelet
types are used most [37]. Selecting a suitable type of wavelet is
extremely important for de-noising the data because two similar
wavelets may give different de-noising data. After the selection
of the wavelet function, the decomposition level (k) needed to
be defined. Second, a criterion is selected to reduce or shrink
the coefficient of the wavelet transform. The coefficient of the
wavelet transform can be reduced by selecting a specific
thresholding function (f).

There are four types of thresholding functions that are
commonly used. Among them, Stein’s Unbiased Risk Estimate
(SURE) threshold is mostly used because of its state-of-the-art
decomposition of noise and better performance [38]. The SURE
thresholding can be defined as:

N
SURE(t,x) = N = 2 X My e0 + Z(lxil At? (10)

i=1

Where x; is the detailed wavelet coefficient, t is the candidate
threshold, N is the length of data and M is the number of the
data points less thant. After defining the function, the
thresholding selection rule (y) is selected. In the DWT de-
noising technique, there are different thresholding selection
parameters, but the most used threshold is global thresholding

because in this noise is assumed to have Gaussian distribution,
having the same amplitude and frequency distribution that span
the same data length and by using simple operation of
comparing the data values with the threshold values the noise
can be removed [38]. Global thresholding can be further
divided into soft and hard thresholding which can be defined in
equations 11 and 12. In hard thresholding equation 11, the
coefficients are either kept or removed while in the soft
thresholding equation 12 both the positive and negative
coefficients are reduced towards zero.

o= {xi,i x| 2 t}
It 0 : |xj,i| <t

o= {Sign(xj,z))dxiril 0 il 2 t} (12)

i 0 : |x]",:| <t

(1)

Where x;; is the noise coefficient and x';; is the de-noise
coefficients of the wavelet at a j" decomposing level and i
location of the data. Finally, the shrunk coefficients are first
rescaled (p) and then inversely transform to the original domain
which is the de-noised signal.

To check the performance of the filtered data we will use
equations 13 and 14 to determine its signal to noise ratio (SNR)
and its root mean square error (RMSE).

(13)

= -

N
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n=1
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Where N is the length of the data and n is the integer value
from 1 to N.

C. Experimental Setup

To correlate the relationship between implant displacements
with the variation in a magnetic field a mechanical testing
system (ElectroForce 3330 Multi-Axial Test System (TA
Instruments, Delaware, USA)) was used to provide input
displacement at 10 pm increments and an external linear
actuator (Imm resolution) was used to provide z direction
motion. The machine crosshead provided the y-axis movement
and the machine platform provided angular motion in the x-z
plane with a resolution of 0.5 pm linearly and 0.01 degree
angularly. To provide the repeatable simulation of implant
displacement, an adjustable fixture/bracket was designed and
fabricated to hold the multi-sensor and magnet with varying
layers of bone cement. The fixture was attached to the
ElectroForce as shown in figure 3.
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Fig. 3. Experimental Setup for validation of the algorithm.

The distance between the multi-sensor and magnet i.e. (z-
distance) was adjusted using the linear actuator (Actuonix Inc.,
Victoria, BC, Canada) with a resolution of 1 mm. The output of
the actuator was connected to a My Rio NI DAQ card and
LabVIEW (National Instruments) code was written to adjust the
z-distance. The ElectroForce machine was programmed to
move the sensor bracket in the y-axis quasistatically (1 min
intervals) at amplitudes of 0.15 to 4 mm with a step size of 0.05,
0.3, and 0.5 mm using a square waveform and dynamically
using a sine waveform with the frequency of 0.1-0.5 Hz.
Similarly, the machine was programmed to move in the x-z
plane quasistatically (1 min interval) with an amplitude of 0.5
degree to 4 degree with the step size of 0.5 degree.

Ill. RESULTS

A. Noise Reduction

First, the effect of the magnetic field on the multi-sensor
configuration was analysed. As shown in figure 1b, the sensors
are very closely placed together in a cross configuration. So, if
there is any type of magnetic variation all the sensors will read
the same effect. Figure 4 shows the magnetic field variation of
all four sensors (S1-S4) in the y-axis when the magnet was
randomly moved.
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Fig. 4. Magnetic Field intensity of multiple sensors (S1, S2, S3, and S4)
in the y-axis.

It was observed that the y-axis magnetic field of all sensors
changed in unison when the magnet was moved in the y-axis,
but with different magnitudes because of their position. The
magnetic fields of sensors 3 and 4 were almost the same
because their y-axis position is the same. While sensors 1 and 2
are not aligned and therefore have a magnetic field magnitude
difference. Similarly, when the magnet was moved in the x-axis
all the sensors showed the same magnetic field variation
response but with different magnitudes.

The magnetic field measured by the multi-sensor
configuration showed a reduction in the noise content as
compared with the single sensor configuration as shown in
figure 5. This reduction was observed without applying any
filtering. Figure 5 shows the raw magnetic field measured by
the single sensor configuration and multi (combine) sensor
configuration in all three axes. This reduction in the multi-
sensor configuration was due to the cancellation of the external
magnetic field. As all the sensors measure the same amount of
external magnetic field, so by combining them, they cancel out
the external magnetic field variation.
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Fig. 5. Comparison of magnetic field intensities between the single
sensor and multi-sensor in all three axes.
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B. Z-Distance Estimation

As described in the previous section, the multi-sensor needs
to configured to determine the localisation of the magnet. The
first step of the detection algorithm is to determine the distance
between the sensor and magnet (z-distance). In order to check
the effect of the multi-sensor in estimating the z-distance, the
magnet was placed perpendicular to the multi-sensor that was
hermetically sealed in 2 mm thick titanium alloy. The z-
distance between the magnet and multi-sensor was increased at
1 mm increments. Figure 6 shows the correlation between the
estimated (calculated) distance from the multi-sensor
configuration and actual distance (R? = 0.9993).
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Fig. 6. z-distance estimation by multi-sensor configuration, which is
calculated from equation 5. Error bars are standard deviation where
the experiment was repeated 3 times (n=3).

C. Linear Movement in the Y-Axis

As discussed in the data processing section, displacement
detection in the x and y-axis can be determined by using
equations 8 and 9. To analyse the performance of the multi-
sensor in detecting movement in the x and y-axis the sensor was
first moved linearly in the y-axis ranging from 0.15 to 4.0 mm
with the step size of 0.5 mm, keeping the x-axis movement
constant and at a z-distance of 15 mm. Compared with the
single sensor configuration the noise content in the multi-sensor
is lower, however, the data required filtering. The below table
shows the selected type of DWT filter along with its parameters.
The selection of the mother wavelet and decomposition was
based on the signal reconstruction and SNR value.

Table. 1. Selected Parameters of the DWT Filter

1% Step 2" Step 3" Step
Parameters Mother Decomposition Threshold Threshold Threshold
Wavelet level Function Selection rescaling
Selected Sym 6 6 SURE Hard one
Parameter
Figure 7 shows both filtered and unfiltered x, y

displacements along with z-distance estimation values. The
results from the multi-sensor configuration showed a well-
matched linear displacement detection with a resolution of 0.15

mm, where resolution is noted as the smallest detectable
change.

Figure 8 shows the comparison of a single sensor
configuration with a multi-sensor configuration. By keeping the
z-distance 15 mm the single sensor configuration has a
resolution of 0.3 mm while the multi-sensor has a 0.15 mm. In
the multi-sensor configuration, the standard deviation error and
mean error remained minimal as compared to the single sensor
configuration where the standard deviation error and mean error
increased with the increased displacement.
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Fig. 7. Quasistatic Linear Movement of Magnet in the Y-axis keeping
X- and Z-axes constant.
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Fig. 8. Comparison of Linear Movement Detection between Single
Sensor and Multi-sensor Configurations. Error bars are standard
deviation where the experiment was repeated 3 times (n=3).

Table 2 describes the RMSE and SNR between both
configurations. It was observed that in the single sensor
configuration the maximum SNR value was 45 dB at 1.50 mm
displacement and with an increase in distance the RMSE
increased. While, in multi- senor configuration with an increase
in distance the SNR value increased, and this configuration
showed a maximum RMSE of 0.051.

Table. 2. Comparison of RMSE and SNR between Single and Multiple
Sensor Configuration

Single Sensor Multi-sensor

Configuration Configuration

Displacement RMSE SNR RMSE SNR
(mm) (dB) (dB)
0.15 0.063 33.27 0.031 39.34
0.30 0.051 41.14 0.032 45.30
0.50 0.066 43.36 0.021 53.51
1.00 0.137 43.03 0.026 57.59
1.50 0.157 45.40 0.035 58.47
2.00 0.222 44.87 0.051 57.72
2.50 0.288 44.55 0.047 60.31
3.00 0.355 44.32 0.033 64.92
3.50 0.390 44.64 0.026 68.41
4.00 0.479 44.21 0.020 71.83

D. Angular Movement in the X-Axis

Figure 9 shows the results of the multi-sensor when the
system was moved angularly in the x-axis ranging from 0.5
degree to 4.0 degree with a step size of 0.5 degree, keeping the
y-axis constant and at a z-distance of 15 mm. Up to 1-degree
movement (approximately 0.60 mm), the z-distance remains the
same, beyond 1 degree there was a change in the z-distance
value. This change in value was only observed when the magnet
was angularly moved in a negative direction until 1.5 degree.
After 2 degree the same change in z-distance was observed in
both negative and positive axes. Also, there was a slight change

in the y-axis when the magnet was angularly moved beyond 2
degree.

This change in z-distance can differentiate between linear and
angular movement. The change in the y-axis value is due to the
orientation of the magnet placement. Currently, our tracking
algorithm can detect the position of the magnet but lacks in
determining the orientation of the magnet, requiring a correctly
orientated starting point. Therefore, during angular motion,
only changes in 2 axes are observed.
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Fig. 9. Quasistatic Angular Movement of the Magnet on the X-axis.
Keeping the y and z axes movement constant.

Figure 10 shows a comparison of a single sensor with a multi-
sensor during angular motion. As described in our previous
studies the main drawback of a single sensor configuration was
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the tilt effect. Due to this effect, the single sensor configuration
was only able to detect up to 3 degree rotation using a correct
starting orientation. In the multi-sensor configuration, this
tilting effect was resolved. This was achieved by introducing a
specific sensor selection criterion.

Figure 10a shows the position of the magnet observed by a
configuration of four sensors. In figure 10a, the notations S1,
S2, S3, S4 shows the position of the sensors, while SP-S1 to
SP-S4 shows the starting position of the magnet when there was
no angular movement and EP-S1 to EP-S4 shows the end
position of the magnet when it was angularly moved 4 degree
(approximately 2.3 mm) in both positive and negative
directions.

The figure shows that our multi-sensor configuration clearly
specifies the position of the magnet. During the angular
movement experiment, the starting position of the magnet was
at the center of sensor S1, then moved 4 degree on both positive
and negative axis. As mentioned, the single sensor can detect
angular displacement up to 3 degree depending upon the
orientation. In figure 10b during the positive x-axis
displacement, S1 was only able to measure up to 1.5 degree.
Beyond that, the mean error and standard deviation error started
to increase. Similarly, the multi-configuration also showed the
same response. By introducing the sensor selection criteria this
tilting effect was compensated.
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Fig. 10. (a) Scattered plot representation of sensors and magnet

localisation during positive and negative angular movement. (b)
Comparison of Angular Displacement Detection between the single
sensor and multi-sensor configurations. Error bars are standard
deviation where the experiment was repeated 3 times (n=3).

The sensor selection criteria depend upon the localisation of
the magnet. It can be observed that during positive x-axis
displacement the magnet displaced between sensors S1 and S3.
Therefore, eliminating S2 and S4 values from the multi-
configuration gives us a well-matched result. Similarly, during
the negative x-axis displacement, the single sensor and multi-
sensor were able to detect the movement with minimum error
but as explained previously as the magnet lies between sensor
S1 and S4. Therefore, combining the values of these sensors
and eliminating S2 and S3 gives better well-matched results.

E. Sensitivity

To analyse the sensitivity, noted as the ratio of sensor output
to measured movements, of the multi-sensor configuration in
static and dynamic movement, four sets of experiments were
conducted by moving the magnet quasistatically and
dynamically in the y-axis to 1 mm with a set of 0.15, 0.20, 0.30,
0.50, and 1.00 mm at z-distance values of 10, 13, 17 and 20 mm.
Figure 11 shows consistent sensitivity to motion from 0.15 mm
to 1 mm at the four z-distance values.
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Fig. 11. Comparison of the Single sensor configuration with multi-
sensor configuration at different z-distance values, showing sensitivity
improves in multiple sensor configuration. Error bars are standard
deviation where the experiment was repeated 3 times (n=3).

I\V. DISCUSSION

This study proposes a micromotion detection technique for
monitoring joint replacements based on magnetic field
detection. Multiple sensor configurations were investigated to
build on a single sensor configuration (Khan et al. 2021) to
achieve sub-millimeter motion detection and to improve on the
system’s tilting effect, resolution, sensitivity, working range,
and signal to noise ratio.

The system was able to achieve a displacement resolution of
0.15 mm and a rotational resolution of 0.5 degree. The system
has been shown to detect up to a 4 mm implant shift or 4 degree
tilting, which is the point at which implants are grossly loose
and can be detected on a radiograph. This system demonstrates
a higher resolution to the current clinical RSA technique, which
is considered a gold-standard for implant motion detection.

RSA resolution for detecting implant movement is reported
at approximately 0.29 mm translation and 0.66 degree rotation
[39], however, the downside of this technique is that it is time-
consuming, cost-prohibitive, limited accessibility, and exposes
the patient to ionizing radiation. RSA works by embedding
tantalum beads that act as passive markers in the bone
surrounding the implant and using their locations via x-ray
imaging to triangulate the position and any subsequent shift of
the implant. Issues can also arise from dislodged beads, which
impacts the efficacy of the technique. This is particularly
important as the total dosage with RSA techniques is relatively
high compared to standard x rays and if the beads are
insufficiently captured, repeated imaging is needed, exposing
the patient to further radiation. The system in this study negates
the need for x-ray exposure and repeat readings will have no
known detrimental effect on the patient [29].

There have been new developments in implant motion
detection that are comparable to this system. Two notable
examples are the use of eddy current sensing, reporting a
resolution of 0.15 mm [15] and the use of nanoparticles in
cement with simulation modelling highlighting a resolution of
0.3 mm[40] . However, these systems are still at their early
development stage and require further work to address issues of
proximity and biocompatibility [15, 29].

Currently, the multi-sensor system is only able to locate the
implant position in all three axes with a correct starting
orientation. On which further work is needed to develop
variable starting orientations. Furthermore, to check the effect
of a stray magnetic field emitted from the nearby object in the
real scenario, the Helmholtz coil will be used to check its effect
on the current system. Along with for wireless power
transmission a radio frequency (RF) based energy harvester will
be integrated with the current system. With this further work,
this technology has the potential to be used as a complete
implantable system that is hermetically sealed into the implant
and detectable through wireless transmission using implantable
micro antenna[41, 42]. In addition to that this technique can be
transformed to force detection (tactile sensor) by correlating the
change in displacement to force in multiple axes along with
aiding the electromyography sensor (EMG) for reducing its
false positive response [43-45].
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V. CONCLUSION

In this work, a magnetic field-based multi-sensor configuration
was assembled and implemented to detect the micromotion of
a joint prosthesis. The multi-sensor shows good repeatability,
consistency, no crosstalk, and tilt effect. This configuration
shows the resolution of detectable displacement of 0.15 mm on
x/y axes and the sensitivity of detection between measured
positions 10-18 mm on the z-axis. This system has the potential
to be used as an early warning detection for implant loosening.
This can lead to more informed clinical decisions and, long term
could reduce revision rates and survivorship through more
effective and timely intervention.
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