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abstract Over the last few years there has been an increase in the number of
arthroplasties performed worldwide. With the growing number of young
patients performing this surgery, new technologies are required to evaluate
the bone-implant interface in order to avoid revision surgeries. The present
work aims to develop a prototype for sensing the bone-implant interface
for multifunctional instrumented/bioelectronic implants: the network-based
cosurface capacitive system with ability to be extracorporeally controlled
by clinicians. This prototype is composed by both hardware and software
components. The hardware can also be seen as the data acquisition system
and the software is the monitor and the control system. Considering that
the societal scenario did not allow the manufacture of this new system
prototype, the hardware was only designed for future implementation and
validation. The software is a web application that allows the clinician to
monitor and control the data acquisition system. For the development of the
web application it was used Django, python, HTML5, CSS, and the storage
and management of data were performed with MySQL. In order to assess
its performance, different simulation tests were performed: (i) monitoring
tests using random bone-implant interface states, in which capacitance data
was generated from a polynomial function that characterizes the average
capacitance change for different bone-implant bonding states; (ii) monitoring
tests simulating an increasing bonding scenario. Through the web application
it is possible to analyse the data collected from the data acquisition system
in two dimensional plots or three dimensional plots. This software solution
was also designed to allow downloading the data to an Excel file to
give the user the possibility to perform different analyses related bone-
implant interface state. The project for the data acquisition system is
constituted by a Raspberry Pi, an I2C multiplexer, a capacitor-to-digital
converter (EVAL AD-7746), and the sensing technology. The Raspberry Pi
is responsible for the TCP-IP communication with the monitoring system
and the I2C communication with the capacitor-to-digital converter through
the I2C multiplexer. It is also responsible for saving data in the correct
database. The capacitor-to-digital converter acquires the data from the
sensing technology, which is based on three different printed circuit boards,
containing twelve capacitors. Thus, it is intended to prove that with a
sensing system comprising a network of cosurface capacitors it is possible
to acquire bone-implant interface bonding during the daily life of patients,
including region and magnitude debonding data.





palavras-chave Interface osso-implante, Implante instrumentado, Descolamento assético,
Sensor capacitivo

resumo Ao longo dos últimos anos tem-se verificado um aumento do número de
artroplastias realizadas mundialmente. Com o crescente número de jovens
a serem submetidos a esta cirurgia, torna-se necessário desenvolver novas
tecnologias para a avaliação da interface osso-implante de modo a diminuir
o número de cirurgias de revisão. O presente trabalho tem como objetivo
o desenvolvimento de um protótipo para a sensorização da interface de
implantes ósseos para incorporar implantes instrumentados, constituídos por
uma rede de sistemas capacitivos e com a possibilidade de ser controlada
extracoporealmente por médicos especializados. O protótipo é constituído
por componentes de hardware e software. O hardware consiste no sistema
de aquisição de dados e o software permite o controlo e monitorização do
hardware. Considerando o estado social atual não foi possível produzir o
protótipo deste novo sistema de monitorização, por esse motivo o hardware
foi apenas projetado de forma a ser implementado e validado futuramente.
O software é uma aplicação web que permite que o médico especialista
monitorize o sistema de aquisição de dados. Para o desenvolvimento
deste software foi utilizado Django, python, HTML5, CSS, e a gestão e
armazenamento de dados foi feita através do MySQL. A validação das
funcionalidades do software foi realizada através de dois testes diferentes:
(i) testes de monitorização com base em estados aleaórios da interface
osso-implante, onde os valores de capacidade foram obtidos com base numa
polinomial que caracteriza a variação de capacidade para diferentes estados
de ligação osso-implante; (ii) simulação de um teste de aproximação do
osso à estrutura capacitiva. Através da aplicação web, é possível visualizar
os resultados obtidos a partir de gráficos tridimensionais e bidimensionais.
O website também permite o download de um ficheiro Excel com os dados
adquiridos, para o utilizador realizar análises independentes relacionadas com
o estado da interface osso-implante. O projeto do sistema de aquisição de
dados é constituído por um Raspberry Pi, um multiplexer I2C, um conversor
analógico-digital (EVAL-AD7746) e o sistema de sensorização. O Raspberry
Pi estabelece uma comunicação TCP-IP com o sistema de monitorização
e uma comunicação I2C com o conversor analógico-digital através de um
multiplexer I2C. Este dispositivo guarda os dados recolhidos em bases de
dados. O conversor analógico-digital recolhe os dados do sistema capacitivo
de sensorização, que é constituído por três placas de circiuito impresso, onde
cada uma contém um total de doze condensadores. Assim, pretende-se
comprovar que com um sistema constituído por uma rede de condensadores
é possível fazer uma aquisição de dados relativamente ao estado da interface
osso-implante durante o dia-a-dia do paciente.





"You can’t stop the waves but you can learn to surf."

Jon Kabat-Zinn
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Chapter 1

Introduction

Arthroplasties, which consist in a reconstructive procedure that alters the structure of a
joint, are one of the most common surgical procedures performed worldwide, accounted
for more than a million replacement surgeries every year [1].

This number is expected to double in the next two decades, due to the ageing
population and obesity [1]. Although this surgery has excellent outcomes, hip and knee
revision surgeries are still required in 6.45% of the cases after five years and 12.9% after
ten years [2]. Surgical revisions of joint replacement are more complex and invasive
than the primary replacements [3].

Bone loss is a disorder that leads to unstable bone-implant fixations. Aseptic loss is
the main reason for implant failure that occurs when there is an adverse bone remodelling.
Aseptic loosening results of inadequate initial fixation or biologic loss of fixation caused
by particle-induced osteolysis around the implant [4]. Many efforts have been made to
study this issue and new implant technologies emerged in the scientific community.

1.1 Joint replacement

The increase in demand for both knee and hip replacements in US will be 673% and
174% by 2030, respectively [5]. These numbers may be related to the increase in average
life expectancy in developed countries, as well as obesity and the population’s sedentary
life [1, 6]. Over the last decade, the incidence of Total Joint Replacement (TJR) has
increased among old (> 65 years) and young patients (< 65 years) [7].

The main cause for replacement surgery is osteoarthritis [8]. X-ray diagnosis detects
that this issue affects more than 50% of the population older than 75 years, but the same
diagnosis made with Magnetic Resonance Imaging (MRI) increases this number to more
than 89% of population older than 50 years [9]. The increase in the number of diseases
that affect bone quality and density causes an increase in bone diseases in the younger
population which can lead to arthroplasties. The increase of young patients having
arthroplasties causes an increase of revision surgeries, due to their higher activity and
obesity levels [7]. Common causes in all patients that may also lead to revision surgery
are aseptic loosening, instability, periprosthetic fracture, prosthetic failure, stiffness or
pain [1, 6].

1



2 1.Introduction

1.2 Osteoarthritis

Osteoarthritis (OA) is the most common type of arthritis. OA occurs when the cartilage
gradually deteriorates. This disease is associated with multiple risk factors: (i) age: the
risk of OA increases with age; (ii) sex: OA is more common in females; (iii) obesity: extra
body weight increases the stress in joints, specially hip and knee; (iv) overuse: when the
same joint is regularly used, in job or sport; (v) weak muscles: can not support joints in
the right position; (vi) genetics.

In the early stages of this condition (Figure 1.1), it is possible to reduce pain with
analgesics and other drugs or with non-drug therapies (exercise and weight loss). With
time, symptoms may become disabling in such a way that the patient’s life can be affected
leading to surgery, namely arthroplasties.

Figure 1.1: Stage of knee osteoarthritis.(from www.myarthritisrx.com).

1.3 Failure in Implants

The success of an implant depends on several factors. Some of these factors are intrinsic
to the prosthesis, such as geometry, materials and surface coating while other factors
may be related to the surgical technique and/or the surgeon’s experience [10].

There are different types of surgery for different types of implants (cemented,
cementless and hybrid) each one with advantages and disadvantages, but all of them
need an appropriate fixation. In the last 10 years, an increase about 13.6% in the
number of revisions was reported by the Swedish Orthopedic Register [11]. Many
studies were performed in order to identify which is the main cause for implant failure
that can lead to revision surgery. Rory Ferguson et al. [12], identified aseptic loosening
(48%) as the main reason for revision surgery followed by dislocation (15%),
periprosthetic fracture (10%), infection (9%) and implant malpositioning (5%).

Robert Pivec et al. [13], focused their analysis in Total Hip Arthroplasty (THA) and
indicated that the most common cause for revision surgery was instability (22%), followed

Inês Peres Master Degree



1.Introduction 3

by mechanical loosening (20%), infection (15%), implant failure (10%), osteolysis (7%),
and periprosthetic fracture (6%).

After knee replacement surgery, there is an apparent inverse relation between risk of
revision and age: the younger the patient, the higher the risk of revision, where aseptic
loosening is responsible for more than 30% of all revisions [14].

The latest report from the National Joint Registry (NJR), which analyses data from
England, Wales, Northern Ireland and Isle of Man, reports the most common causes as
aseptic loosening (24.3%), dislocation(17.1%) and infection (14.5%) [15].

Aseptic loosening occurs due to the combination of chemical, mechanical and
biological factors. Stress shielding is seen as a mechanical failure and corresponds to a
reduction in the load transmitted to the bone after stem implantation, leading to
peri-implant bone loss that subsequently causes instability for the stem [16]. Corrosion
of the metallic components of the implant can lead to the release of compounds that
can potentiate inflammation and decrease bone integration. The prosthetic debris is
attacked by the human immune system in order to eliminate them. During this process
some bone cells are eliminated, eventually causing aseptic loosening for biological
reasons.

1.4 Types of implants

The healthy tissues of the human body can be destroyed by pathological processes.
In advanced stages of these conditions, it may be necessary to replace these tissues
with an artificial structure, the bone implants. Implants must be manufactured with
biomaterials. A biomaterial should exhibit the following properties (i) biocompatible
chemical composition to avoid adverse tissue reactions; (ii) resistance to degradation;
(iii) strength to sustain cyclic loading endured by the joint; (iv) minimize bone resorption;
(v) high wear resistance to minimize wear-debris generation [17].

The number of arthroplasties procedures made in young people will increase in the
next decades [7, 18]. In order to minimize revision surgery rates, aseptic loosening and
wear, new design and new materials have been studied. New types of implants are also
being developed to overcome this issue. Technological advance enables the development
of new implants with a monitoring system to follow implant loosening states.

1.4.1 Non-instrumented implants

The first type of implant used in the world was a non-instrumented passive implant made
of ivory and it was introduced by Professor Themistocles Gluck [19].

Since the creation of this concept, several types of metallic, polymeric and ceramic
materials have appeared for the development of prosthesis [20]. Austenitic stainless
steel implants have low resistance to wear [20, 21], which led to a decrease in their use,
especially when metallic alloys based on titanium and cobalt chromium appeared.
Cobalt chromium alloys have a modulus of elasticity superior than the bone, which
causes stress-shielding [20, 21]. In recent years there has been an increase in the use of
ceramic materials for the manufacture of prosthesis [22]. One of the first applications of
bioceramics consisted in replacing the traditional metal femoral heads of hip prosthesis
with high-density and highly pure alumina. With regard to ceramic materials, they
have greater resistance to wear and friction [20]. Polymeric materials have also been
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used due to their resistance to erosion, biocompatibility, bio-stability and ease of
manufacture [20, 23].

Advances in the development of biomaterials have led to the emergence of active
non-instrumented implants. These implants are made up of bioactive materials that
allow stimulation at the molecular level to promote osseointegration, reduce friction,
wear and corrosion. These materials combined with the use of drugs can prevent and
reduce infections.

Concerning the fixation method they are distinguished by cement or cementless
implants, having advantages and disadvantages in both technologies (Figure 1.2).

Coating the cementeless implant surface with a bioactive material or a porous material
can allow bone growth and osseointegration [24]. This process demands a huge bone-
implant interaction, so the post-operation recovery is longer and requires less activity.
After this recovery time this implants have better results in young patients with a more
active lifestyle. Stress-shielding is a disadvantage of this type of implants and it can lead
to a decrease in bone density.

Cement implants provide an immediate post-operation fixation, hence it requires less
recovery time. Due to their fixation proprieties, it is vulnerable to fatigue failure. This
problematic makes this type of devices a better choice for less active people. In addition,
this implant is more expensive and the surgical procedure is harder to perform.

Figure 1.2: Cement and cementless implants for primary hip prosthesis (from
www.medicalexpo.com).

1.4.2 Instrumented implants

The lifetime of an implant remains a barrier to be overcome. In order to achieve this goal,
the concept of instrumented implant has emerged in recent years. This type of implant
has the particularity of allowing the monitoring of some biomechanical properties, such
as loads, moments and temperatures.

The first time that in vivo data from an implant were collected was in 1966 by Rydell
et al. [25] who recorded information about the forces and moments applied to the femoral
head of a hip prosthesis.

Although this first concept was quite invasive, there was a trigger for new types of
instrumented implants, less invasive, without wires for data transmission. These implants
can be classified into two categories: active and passive.
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Instrumented passive implants

A passive implant is characterized by allowing the performance of the implant to be
evaluated during its lifetime. Several variables such as temperature and forces [26–29],
or more recently its stability are taken into account in this evaluation (Figure 1.3).

Figure 1.3: Illustration of an instrumented implant with the electronic system housed in
the implant’s head and neck. From Bergmann et al. [26].

Instrumented active implants

An instrumented active implant has the same monitoring ability as instrumented passive
implant but it is able to stimulate bone growth simultaneously. This type of implants
were proposed by Soares dos Santos et al. [30], who defends that this type of implant must
fulfill five requirements: (i) monitoring systems providing data related to bone-implant
fixation states; (ii) real-time processing systems to assess potential failure; (iii) actuation
systems, to provide the delivery of personalized therapies when loosened regions are
detected; (iv) telemetry system for external communication; (v) self-powering systems to
electrically supply sensors, actuators and communication systems, while preserving an
autonomous operation. With the development of this type of implants, the possibility to
provide personalized therapies is foreseen by simulating target peri-implant regions.

1.5 Objectives

Extending the work previously developed by the research team from the Centre for
Mechanical Technology and Automation (TEMA - University of Aveiro) focused on the
design of smart implants, the main goal of this work is to create a prototype that allows
the sensing of fixation states of bone implants. This goal requires:

• Development of a network of capacitive elements along a planar architecture that
enable to monitor capacitance changes for different bone-implant bonding states;

• Development of a system for data acquisition and processing;
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• Development of a website to control and monitor the data acquisition system, that
allows the viewing of the data in a three dimensional graph;

• In situ experiment to analyse the performance of the prototype with bone structures
to detect the capacitance variation.

The impossibility of performing the in situ test and the development of a real
prototype, led to the alteration of the objectives of this work. So, following the same
purpose the new requirement for achieving this goal are the following:

• Development of a system that simulates the data acquisition system;

• Development of a website to control and monitor the data acquisition system, that
allows to view the data in a three dimensional graph;

• Development of the project for the prototype indicating all materials that are
required and how to connect them.
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Chapter 2

Literature Review

2.1 Bone properties

Bone is a strong and rigid connective tissue. It provides support and protection for
the body and has the necessary rigidity to prevent the wearing of articular surfaces
when under load. A high cell density enables it to change according to mechanical
demands. The human body has different bones, in a total of 206, which vary in shape
and in minor surface details. Many bones articulate with their neighbours at synovial
joints. Regarding the microstructure of the bone, it contains specialized cells (osteoblasts,
osteocytes and osteoclasts) surrounded by a mineralized collagenous extracellular matrix.
The structure of the bone is formed by an organic matrix (30-40%) and minerals (60-
70%). The organic matrix is formed by water (10-20%), collagen, proteins, glycoproteins
and carbohydrates [31]. The inorganic part is formed by mineral salts (Ca10 , (PO4)6).
The ageing and metabolic factors alter this proportion. One example is the increase of
the mineralization over the years.

2.1.1 Macroscopic structural classification

Bone macroscopic classification distinguishes cortical bone and trabecular bone (Figure
2.1). Cortical bone is compact and it provides resistance to bending and torsion due
to these characteristics: it is the external layer of a bone and has a lower remodelling
process per year, as well as it is a dense and solid mass. Trabecular bone, also called
cancellous or spongy bone, exists in a large proportion inside the end of long bones and
it accounts for 20% of the total skeleton mass [32].

2.1.2 Microscopic structural classification

There are two kinds of bone that can be identified on a microscopic level: woven and
lamellar. Woven bone does not have a regular arrange of the collagen fibres and crystals
and it is formed by a high concentration of osteoblasts during development. Lamellar
bone is more organized and has a slower remodelling rate. In central regions of cortical
bone, lamellae are organized in concentric cylinders. While lamellar bone makes up
almost all of an adult skeleton, woven bone is typical in young fetal bones but is visible
in adults during the bone remodelling process.

7
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Figure 2.1: The main features of the microstructure of mature lamellar bone. Areas of
compact and trabecular (cancellous) bone are included. Note the general construction of
the osteons; distribution of the osteocyte lacunae; Haversian canals and their contents;
resorption spaces; and different views of the structural basis of bone lamellation [31].

2.1.3 Bone cells

Osteoblasts, osteoclasts and osteocytes are the three categories of specialized bone cells
which perform different functions during their lifetime. Osteoblasts are visible in the
surface of bone being responsible for the secretion of collagen and the organic matrix of
the bone. Once completely involved by bone matrix they became osteocytes. Osteoclasts
dissolve the mineral part of the bone. They can be formed by the fusion of two or more
cells, so they can have two or more nuclei. Osteocytes are distributed in the calcified
bone matrix and they are interconnected by dendritic process [31].

2.1.4 Bone modelling and remodelling

Due to the constant use and friction between bones, they are in permanent remodelling
and modelling. Modelling is the process which changes the size and form of the bone.
Materials, including bones, are vulnerable to microdamage during repeated loading. In
order to reduce the fatigue failure, old bone is replaced by new tissue, in a process called
remodelling. New tissue does not need to have the same orientation as the old one.
This process begins with resorption to remove the old bone and is followed by new bone
formation being more frequent in trabecular bone. With the ageing, people decrease their
activity and this and other metabolic factors cause bone loss. Thus, remodelling decreases
with age. This process needs perfect coordination between osteoblasts and osteoclasts.
Diseases such as OA and osteopetrosis are linked to the poor balance between the bone
cells’ activity [31,33].
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2.1.5 Mechanical Properties

As said before, bone has the potential to adapt according to different stimuli. Cortical
bone has different properties in different directions, tensile/compressive moduli along
longitudinal direction is higher than in radial or circumferential direction, and the
strength is higher under compression in the longitudinal direction and lower under
tensile loading in the transverse direction [34]. After reaching the yield point,
mechanical properties modify and deterioration of tissue microstructure occurs. This
process is known as microdamage. During the fatigue failure test, this bone has better
results (higher resistance) in compression than in tension.

Mechanical properties of trabecular bone are determined by its highly porous
material. The strength of trabecular bone is also higher in compression than in tension.
When compressed above yield point, loss of stiffness and strength can occur and
accumulative deformations could lead to clinical fractures. The ageing also affects the
behaviour of trabecular bone, specially in density and architecture, which causes
modulus and strength decrease.

2.1.6 Electrical Properties

Dielectric properties of bones tissues can be analysed on a molecular level, as the
interaction between electrical radiation and cells [35]. The electrical behaviour of
tissues vary with frequency. The dielectric spectrum of a tissue is characterized by
three main relaxation regions α, β and γ at low, medium and high frequencies [36].
These relaxation regions can be seen as a polarization mechanism. For a first order
approximation the complex relative permittivity, ε̂, is defined by a single time constant,
τ and angular velocity ω as shown in equation 2.1.

ε∞ is the permittivity at frequencies where ωτ � 1 and εs the permittivity at ωτ �
1.

ε̂ = ε∞ +
εs − ε∞
1 + ωτ

(2.1)

The complexity of the tissue’s structure and composition resulted in an enrichment of
the dispersion. Equation 2.2 is described in terms of multiple Cole-Cole dispersion which
can predict dielectric behaviour with a correct choice of parameters. The new terms in
this equation represent: permittivity in vacuum, ε0, the conductivity, σı and a parameter
to measure the broadening of the dispersion, α, known as distribution parameter.

ε̂(ω) = ε∞ +
∑
n

∆εn

1 + (ωτn)(1−αn)
+

σı
ε0

(2.2)

2.2 Monitoring of loosening states of bone implants

The monitoring of loosening states of the bone-implant interface can be carried out by
different methodologies. Post-operative stability is measured in terms of migration and
micromotion. Migration is the irreversible movement of the implant. Micromotion are
the relative movements between the bone and the implant [37]. In this section, several
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monitoring methods for cementless implants are analysed and identified by the technology
input/output as in a previous work carried out by João Cachão et al. [38].

2.2.1 The image approach to monitor implant loosening states

Medical imaging used to assess the state of implants can be divided into invasive and
non-invasive methods. An invasive method is characterized by the injection of an external
agent in the body.

X-ray is a widely used non-invasive diagnosis method due to its low cost. This method
provides bi-dimensional images of the body. It is considered a low resolution method
for displacements less than 0.7 mm and aseptic loosening is only detectable when it
is greater than 2 mm [39, 40]. Computed Tomography (CT), a non-invasive diagnosis
method, is a diagnosis method which uses different x-ray images, in different angles,
in order to have a three-dimensional image of the body [41] (Figure 2.2). Two other
types of CT but as an invasive methods, which injects radioisotopes into the patients’
body, are Positron Emission Tomography (PET) and Single Photon Emission Computed
Tomography (SPECT).

MRI, a non-invasive diagnosis method, uses magnetic fields to generate images of the
body. This method has good results for early states of loosening after a THA [42]. In
recent years, scintigraphies (diagnosis methods that require the injection of radioactive
substances to reconstruct images of the human body) have started to be used. The
created images allow to identify the areas where there is a greater bone cell activity. The
sensitivity of this method reached a value of 76% for aseptic loosening detection in 46
patients [43].

Figure 2.2: CT scan of a hip implant [41].

Limitations of image monitoring technologies

Diagnostic imaging methods have some limitations. X-rays do not allow an exact
quantification of the displacement of the implant and are also unable to provide data
related to both micro-scale and large scale loosening. The newer methods, despite being
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more accurate, are more expensive and also require the injection of an external agent.
A general limitation to all these methods is the impossibility to monitor the
bone-implant fixation states throughout the daily lives of patients, as monitoring
operations must be performed in medical laboratories.

2.2.2 The vibrometric approach to monitor implant loosening states

The analysis of implant fixation state in relation to the bones can be evaluated based on
vibrometric methods. This type of methods has been studied intensively in recent years,
presenting better results than the methods based on medical images [44].

The methods already proposed require the application of excitations in the tissues
surrounding the bone-implant interface and monitoring with a technology that can be
embedded in the implant or extracorporeal.

Concerning extracorporeal mechanical excitations (input) and
extracorporeal mechanical signal (output) it is possible to distinguish seven
technologies. The generic representation of this methodology is presented in Figure 2.3.

Georgiou et al. [44], using a shaker and an accelerometer in the knee and the hip,
respectively, proved that the presence of harmonics was an indicator of implant loosening.
This stability was only studied for hip implants and two states can be detected: secure
or loss.

Alshuhri et al. [45,46], with a shaker (femoral lateral condyle) and two accelerometers
(iliac crest and greater trochanter) detected acetabular cup loosening through the analysis
of harmonic ratios. Two loosening states were detected.

Rieger et al. [47], using a shaker (knee) and three accelerometers (medial condyle,
iliac crest and greater trochanter), identified frequency shifts as a measure to detect failed
implant integration of total hip replacement. Two states were detected: secure or loose.

After few years, Rieger et al. [48] developed a technology to detect loosening of hip
endoprostheses using piezoelectric actuators arranged on a spherical cap to drive shock
waves. As in the previous work, frequency shifts were used to detect the two levels of
integration (secure or loose).

Lannoca et al. [49] and Varini et al. [50], using a piezoelectric actuator and an
accelerometer, measured the stability of an implant by the detection of shifts in the
resonance frequency. Stable and quasi-stable implants were distinguished. In the same
studies, these authors tested the use of a displacement transducer (LVDT), in order to
measure micromotions in the primary stability of the implant. Different micromotions
correspond to different stabilities.

Pastrav et al. [51], with a shaker and a mechanical impedance head, also identified
frequency shifts as a measure to detect different stages of insertion, allowing a good initial
fixation.

Jiang, Lee and Yuan [52] used an isokinetic dynamometer (based on knee motions)
and an accelerometer (patella), in order to analyse the spectral power ratios of dominant
poles. This study distinguished secure and loose implants.
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Figure 2.3: Illustration of extracorporeal mechanical excitation (input)/extracorporeal
mechanical signal (output) for vibrometric fixations: (1) implant, (2) vibrator providing
the input excitation, and (3) extracorporeal accelerometer measuring the resulting
vibration from the implant–bone system. Figure depicting a hip implant case [38].

Concerning extracorporeal magnetic induction (input) and extracorporeal
mechanical signal (output), Ruther et al. [53,54] used small magnetic spheres attached
to a flat spring inside the implant to produce oscillations of the bone-implant system
and detect loosening. A magnetic field caused the collision between the oscillators and
the implant. These collisions caused wave propagation which can be measured by an
accelerometer. With the measurement of these waves, it is possible to analyse frequency
shifts and the central frequency and associate these variables with different levels of
loosening: secure, slight loss, significant loss. The experimental apparatus is illustrated
in Figure 2.4.

Figure 2.4: Endoprosthetic implants with integrated oscillator. (a) Total hip
replacement. (b) Total knee replacement. (c) Section of the oscillator-implant system
[53].
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Concerning intracorporeal mechanical excitation (input) and
extracorporeal mechanical signal (output), only one technology was proposed by
Glaser et al. [55]. Using two accelerometers (greater trochanter and anterior superior
iliac spine) to detect the frequency amplitude of the impact made by the femoral head
and acetabular component, different loosening states were measured.

Limitations of vibrometric monitoring technologies

On the first method (extracorporeal mechanical excitations and extracorporeal
mechanical signal) only the last two technologies were studied in vivo and the
remaining were studied in vitro. Related to the periodicity of evaluation, [49], [50], [51]
restricted it to an intra-operatively test and the others are restricted to the laboratory.
On the second one, only in vitro tests were performed and is restricted to a laboratory
environment. On the last method, although it was studied in vivo, it is also restricted
to a laboratory.

It is important to highlight the huge influence that the surrounding tissues have on the
wave propagation using the vibrometric methods. The use of extracorporeal components
can be uncomfortable for the patient and limit the use of these methods during the daily
life. Almost all methods distinguish solely two states: loss or secure, being strongly
influenced by the implant material, once the latter will influence the wave propagation.

2.2.3 The acoustic approach to monitor implant loosening states

Acoustic Emission (AE) is the phenomenon of sonic and ultrasonic wave generation by
materials as they undergo deformation and fracture processes [56]. Different methods
based on this acoustic emission were studied in order to monitor implant loosening states.

Concerning extracorporeal mechanical excitation (input) and
extracorporeal acoustic signal (output) it is possible to distinguish three
technologies.

Unger et al. [57] developed a monitoring system with extracorporeal excitation
(metallic object hitting the implant) that produces sound and uses an extracorporeal
microphone (lateral condyle) to monitor the produced sound. Implant loosening can be
detected by the resonance frequency, which increases with the stability. Damped output
was also observed with an increase of stability.

Alshuhri et al. [45, 46] used the same apparatus described for the vibrometric
approach (both approaches are represented in Figure 2.5), the only difference is the use
of an ultrasound probe replacing the accelerometer. Loosening states are detected in
the same manner but higher harmonic ratios are detected with an acoustic approach.
Two loosening states were observed.

Goossens et al. [58], using a hammer to drive excitation to the system and a
microphone to capture the output signal, detected different states of hip implants. This
states were identified by shifts in the resonance frequency.
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Figure 2.5: Vibrometric and acoustic approaches, proposed by Alshuhri et al.,
illustrating the excitation (mini-shaker) and measurement methods (ultrasound probe
and accelerometer) [45].

Concerning intracorporeal mechanical excitation (input) and extracorporeal
acoustic signal (output), a single technology was implemented by Glaser et al. [55,
59]. This study was based on the vibrometric approach developed by the same authors
but with the use of a sound transducer instead of accelerometers, allowing the analysis
of acoustic emissions. Loosening states were distinguished in the same manner (high
frequency and amplitude), with both methodologies demonstrating a high correlation
level.

Concerning extracorporeal magnetic induction (input) and extracorporeal
acoustic signal (output), only one method was proposed by Ewald et al. [60,61], with
a similar apparatus used in the vibrometric approach by Ruther et al. [53, 54]. Using
a microphone to record the output signal, it was possible to associate different fixation
states with shifts in the resonance frequency measured using the microphone.

Limitations of acoustic monitoring technologies

Analysing the validation tests, only the methodology proposed by Glaser et al. was
performed in vivo, in 29 patients. The remaining investigation teams performed diverse
in vitro tests.

Contrarily to the vibrometric approach, none of these methodologies is performed
intra-operatively, but they are all limited to the laboratory environment, compromising
the daily monitoring of the patient.

As in the vibrometric approach, the acoustic approach is influenced by the tissues
surrounding the implant. The results of the acoustic approaches can be influenced by
external noises to the loosening detection mechanism. The use of hammers to cause
mechanical excitation can cause pain to the patient. The use of magnetic induction as
excitation can be seen as an attempt to minimize the patients discomfort. It is also
important to highlight that, although different loosening states can be identified, the
regions where loosening occurs can not be identified by any proposed technology.
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2.2.4 The bioelectric impedance approach to monitor implant
loosening states

Different biological tissues have different dielectric properties, so it is possible to
identify different tissues through electrical bioimpedance. Considering this fact, Arpaia
et al. [62, 63] proposed a method with extracorporeal electrical current (input)
and extracorporeal electric potential difference (output). In this method, a
current is delivered at the skin and the voltage drop is measured between two
electrodes. The impedance between the electrodes can be used to identify different
loosening states. An increase in the impedance is related to a superior loosening level.

Figure 2.6: Schematic of the bioelectric impedance approach. The A+/A- represents the
alternate current and the V- is the voltage drop [63].

Limitations of bioelectric impedance monitoring technologies

As it is necessary to measure the impedance, this test is limited to laboratory
environment. This technology was tested in vivo and in vitro. As on the previous
approach, the region where the loosening occurs can not be identified. Due to the
variation on the patient’s tissue, it is difficult to define a standard metric.

2.2.5 The magnetic induction approach to monitor implant loosening
states

Concerning extracorporeal magnetic induction (input) and extracorporeal
magnetic induction (output), two different studies were developed.

Ewald et al. [60] incorporated a piezo crystal within the implant that is later
activated by a coil. An extracorporeal coil is used to measure the vibrations generated.
The measurement of the amplitude of the output signal, generated through constant
frequencies, can be used to measure the fixation states.

Ruther et al. [64] used a similar technology to the one in their vibrometric work but
altered the method of detecting the output signal. In this approach, the output signal
is detected by an extracorporeal coil that measures the velocity of the oscillation caused
by the impact. By measuring the velocity, it is possible to identify the state of the
bone-implant fixation.
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Limitations of magnetic induction monitoring technologies

The proposed technologies were analysed in a laboratory environment and were only
validated in vitro. The fact that instrumentation is used extracorporeally, these
methods become unable to monitor the patients’ routine. The detection performed by
these methods is also located in a specific area of the prosthesis. To allow the collection
of data along the overall region, the number of components used would have to be
increased. Finally, it should be stressed that the use of non-magnetic materials in the
implant interfaces is fundamental to enable the use of the magnetic induction
phenomenon.

2.2.6 The strain approach to monitor implant loosening states

Bone deformations can be measured with extensometers that allow the evaluation of bone
deformation. For measurements on the human body, the use of extensometers is restricted
due to biocompatibility factors which emerge by bonding them to bone structures.

Two different methods were developed in order to study this approach. The first
was developed by Burton et al. [65] who used a methodology based on intracorporeal
mechanical loads (input) and intracorporeal bone deformation (output). A
sensor with two cosurface circuits was developed and it allowed the measurement of axial
and radial strain. These circuits are connected to a capacitor whose dieletric changes
as the strain changes. Shifts in resonance frequency allow the evaluation of different
loosening states. Figure 2.7 illustrates this approach.

Figure 2.7: Application of the strain approach developed by Burton et al, where the
strain sensor is visible [65].

The other technology is based on intracorporeal mechanical loads (input) and
intracorporeal fixation plate deformation (output). McGilvray et al. [66]
developed a microelectromechanical system to assess the bone fixation state. This
device comprises planar capacitors and a resonance circuit and it is powered by an
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extracorporeal antenna which emits an eletromagnetic wave and receives the sensor’s
signal. Changes in capacitance are found as shifts in the resonance frequency, which in
turn are related to fracture healing state.

Limitations of strain monitoring technologies

Both methodologies were studied in vitro but the last one was also study in vivo. In the
first method, the need to contact the bone may change the bone-implant physiological
state and, consequently, the bone-implant fixation. For the second method, the fact that
it requires the evaluation of the frequency of resonance by magnetic induction requires a
laboratory environment to minimize noise interference.

2.2.7 The capacitive approach to monitor implant loosening states

Luís Henriques [67] investigated an unique method with intracorporeal voltage
excitation (input) and intracorporeal electric capacitance (output). By using
planar electrodes, it was possible to measure variations in electrical capacitance during
different bone-implant bonding states. This study proved the possibility of monitoring
the bone implant interface from planar capacitive systems. It was equally possible to
observe that increases in the electrical capacitance occur by decreasing the bone-sensor
distance.

2.2.8 Monitoring technologies for instrumented implants

The following technologies were already proposed and used in instrumented implants
using a cemented fixation, although it is possible to use them in cementless implants.

Various authors explored the possibility of developing systems with extracorporeal
mechanical excitation (input) and intracorporeal mechanical signal (output).
Puers et al. [68] developed an instrumented hip prothesis which uses some electronics
and accelerometers. Two different fixation states can be detected (secure or loose) by
analysing the waveform distortion of the output signal (Figure 2.8).

Marschner et al. [69] measured shifts in the resonance frequency using a two-axis
accelerometer, some eletronics and a shaker in order to detect two loosening states
(proximally loose and proximally secure). This implant also has the ability to perform
wireless monitoring and is inductively powered.

Sauer et al. [70] followed a similar approach as Marschner [69] but using a three axis
acceleration sensor and a shaker (central part of the femur). The loosening states can
be distinguished as maximum, medium and minimum, by analysing shifts in resonance
frequency.
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Figure 2.8: System, developed by Puers et al. [68] for the detection of hip prosthesis
loosening.

Limitations

These three monitoring systems can only operate in vitro and are restricted to laboratory
environment. Instrumented implants were developed to incorporate some electronics, but
data processing continues to be done extracorporeally. The development of advanced
sensing systems for incorporation within the implants is harder to achieve, and their
effectiveness is reduced compared to cosurface capacitance systems.
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Chapter 3

Materials and Methods

To enable the monitoring of bone-implant fixation states, an architecture is proposed to
allow the data acquisition of data from a network of planar capacitors printed in inner
regions near the surface of instrumented bone implants. Figure 3.1 aims to represent the
overall system view of the proposed architecture.

The system consists on a data acquisition part and a monitoring/control interface.
The data acquisition system is composed by a Raspberry Pi, a capacitance-to-digital
converter (EVAL AD-7746) and the sensing system that will incorporate the implants
comprising the network of capacitance sensors. The monitoring system consists of a
website controlled by the clinician who will follow up the performance of the implants.

Figure 3.1: Overall system structure.

Given the impossibility of implementing the overall prototype, the work was focused
on the development of the monitoring/control system and the Raspberry Pi was used to
simulate the data acquisition system.

3.1 Sensing technology

Capacitive sensing technologies have the ability of detecting changes in its surroundings
induced by variations in the dielectric. These variations can be observed as a change in
the sensor’s capacitance. These systems are characterized by low energy consumption,
reduced manufacturing cost and the possibility of being miniaturized. In the previous
work using this technology, only one capacitor was used [67]. To validate that with a
more significant number of capacitors, it is possible to monitor the bone-implant
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fixation states in several regions, a Printed Circuit Board (PCB) was designed using the
software EAGLE (v9.5.2,Autodesk). This board contains a total of twelve capacitors
(with interdigitated architectures) arranged in a 4x3 matrix with the following
characteristics: (i) 2.5 mm spacing between rows; (ii) 4 mm spacing between columns;
(iii) 0.5 mm gap between electrodes; (iv) a total footprint dimension of each capacitor
of 7.5x7.5 mm (Figure 3.2).

Figure 3.2: Schematic from Eagle 9.5.2 software.

3.2 Raspberry Pi 4

The use of this device instead of others, like a LattePanda, is due to the fact that the
Raspberry Pi allows an I2C communication with a direct configuration in Python, which
is important for the real experimental apparatus. This device is used to generate data
and save it in the correct database.

The micro SD card used has Debian 10.3 installed. To become easier to develop
code inside the Raspberry Pi, CODE-OSS 1.14 was also used. Other essential step
was to turn the Raspberry into a web server with the installation of Apache, PHP
interpreter and MySQL server. These softwares facilitate the manages of databases and
the communication between the computer where the website is host.

Figure 3.3: Raspberry Pi 4. (from www.raspberrypi.org)
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3.3 Databases

3.3.1 Database host in main webserver

For an easier management/storage of data it was created a database called users, which
has several tables as presented in Figure 3.4. The first table that was created is the
table login, which includes the variables defined when an account is created. These
variables do not change during the implant lifetime except the column time_sampling,
that can be altered. Each username has a specific table, with the same name as the
username. Each row of this table represents a patient and has the variables used to
monitor and control the data acquisition system. Both tables can be read and updated
by the Raspberry Pi.

Figure 3.4: Users Database.

3.3.2 Database host in Raspberry Pi 4

The first step to configure the data acquisition system is to create a database named
with the patient name where the implant is inserted. This database has one fixed table
named graph (Figure 3.5 on the left). The x column represents the x position of the
center of each capacitor; the y column has the same purpose but in the Y axis, z column
is the bone-sensor distance measured, and capacitance is the capacitance measured by
the capacitor in the bone surroundings. There were also created so many tables in the
database as the number of capacitors incorporated within the instrumented implants.
These tables are named capacitorX, where X is a number higher or equal to 1 up to
the number of planar capacitors of the network. Capacitor 1 is illustrated in the Figure
3.5 on the right.

Figure 3.5: Patient Database.
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3.4 Software Development

The need to assess the bone-implant fixation state constitutes a significant step before
proceeding with revision surgery. In this regard, a web application was developed to
allow the connection between the clinician and the data acquisition system incorporated
within the instrumented implants. For the development of the website, it is necessary
to use a server. Initially, the Apache II server was used. However, the need to have a
Python interpreter for the elaboration of various graphs and the reduced dimension of
the application, led to the change in the use of Apache II for Django. Thus, the web
application was developed with Django which is a high-level Python Web framework [71].

3.4.1 Home Page

This is the page that is loaded when the website is accessed, and is constituted by
different sections: (i) About section (Figures B.1 and B.2); (ii) Create section (Figure
B.3); (iii) Contact section (Figure B.4). Some parts of the design were based on
W3SCHOOL functions and the About section was written based on literature review.

‘Create’ Form

The ‘create’ form (Figure 3.6) is the first form that appears on the website. This form
must be submitted in two different situations: (i) the clinician wants to create an account;
(ii) the clinician wants to include a new patient in an existing account.

Figure 3.6: ‘Create’ form.

This form has a total of eight variables that must be inserted. The Username and
the Password are the identifiers for the login and allow to control the data acquisition
system during the lifetime of the implants. Patient, must be filled with the patients’
name and surname, separated by an underscore, in order to prevent mistakes in the case
of multiple patients with the same first name. No Acquis, represents the total number
of acquisitions that the sensing technology must do before converting the mean value into
a bone-implant distance. Capacitor Type can be filled with a, b or c depending on the
capacitive architecture. The No. Capacitors must be a multiple of three, once they
are arranged in 3 columns and the capacitors are added in full rows. Time Sampling
represent the interval between acquisition measured in days. IP Identifier is the IP of
the Raspberry Pi that is connected to the data acquisition system. Figure 3.7 describes
the activity flow of this form. At the same time that the login page is displayed all the
variables are saved in the users database.
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Figure 3.7: Activity UML for the ‘create’ form.

‘Contact’ Form

During the use of this application some doubts might arise. This section (Figure 3.8) was
developed to facilitate the communication between the clinician and the research team.

Once the form is submitted, the research team will receive the message such that
technical support can be provided. If the user did not introduce a valid email, it will be
impossible to answer. Figure 3.9 on the left describes the activity flow of this form. The
function send_mail from DJANGO was used.
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Figure 3.8: ‘Contact’ form.

3.4.2 Login Page

This page (Figure B.5) appears after the creation of a new account or, if the clinician
already has an account, it can be easily accessed through the navigation bar. This form
will appear and it must be filled with the credentials that were defined when the account
was created, like an usual login page. Figure 3.9 on the right, describes the activity
flow of this form. To explain the interactions between the different objects, Figure 3.10
illustrates the UML sequence for this form.

Figure 3.9: UML activity for the ‘contact’ form (left) and ‘login’ form (right).
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Figure 3.10: UML sequence for ‘login’ form.

3.4.3 Control Page

This page (Figure B.6) allows the data monitoring and data visualization of data from
the data acquisition system using different methods. The patient name (Figure 3.11
on the left) must be the first variable to insert on this page. Skipping this step may
result in getting data that do not match the patient in analysis, since this step makes
the connection to the right data acquisition system.

Figure 3.11: Form to introduce the patient name, which is aimed to be analysed, and
form to update the Time Sampling.

Although Time Sampling was defined when the user created the account, this value
can be changed during the patients’ life using the corresponding form (Figure 3.11 on
the right). In order to explain the interactions that occur after the both forms are filled,
Figure 3.12 and 3.13 show the UML sequence of each form.
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Figure 3.12: UML sequence to update patient record.

Figure 3.13: UML sequence to update the Time Sampling.

To evaluate the bone-implant fixation, it is possible to analyse two different graphs.
The first is a three dimensional representation of the bone on a specific Day that the
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user must indicate in the form (Figure 3.14 on the left) considering that the day 1 is the
day of the primary surgery. In the three dimensional plot, the x and y axis correspond
to the position of the capacitors and the z axis corresponds the bone-sensor distance (in
mm).

Figure 3.14: Form to introduce the day to analyse in a three dimensional plot and form
to analyse a specific region throughout different days.

For a more detailed analysis of a specific region of the bone-implant interface, in which
each region is related with each capacitor, a two dimensional plot can be visualized after
the formNo. Capacitor is filled (Figure 3.14 on the right). In the two dimensional plot,
the x axis represents the time when the data were acquired and the y axis is the bone-
implant distance (in mm). The Figure 3.15, describes the activity flow for visualization
of the two plots (the three dimensional plot is described in the left). On the other hand,
Figure 3.16 and Figure 3.17 shows the UML sequence for the respective forms.

Figure 3.15: UML activity for three dimensional plot (left) and two dimensional plot
(right).
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Figure 3.16: UML sequence to display the three dimensional plot.

Figure 3.17: UML sequence to display the two dimensional plot.
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During a medical appointment, by clicking on the button Now (Figure 3.18 left) it
is possible to get the current data into a three dimensional graph with identical
characteristics of the Day plot; this can be useful for an analysis of a specific movement
of the joint. The UML sequence that defines the interactions between the user and the
data acquisition system is illustrated in Figure 3.19.

Figure 3.18: Buttons to do an actual acquisition and the download.

Figure 3.19: UML sequence to plot the actual displacement values.

The clinician may also need to perform an independent analysis of the data acquired
from the implant. Thus, it is possible to download such data to an Excel file, by clicking
the Download button (Figure 3.18 right), which comprises a table with all the data
acquired from the patient in analysis. Each row has the time of the acquisition, the x
and y position of the capacitor, the bone-sensor distance, and the measured capacitance.
Figure 3.20 illustrates UML sequence to download the Excel file.
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Figure 3.20: Sequence UML to download the Excel file.

3.5 Validation tests

3.5.1 Random Values Test

After the first connection to the database host in the main webserver, the Raspberry
Pi can read and update different values. Note that in both tables it is only possible to
perform these operations if the patient_name corresponds to the patient where the
implant is inserted.

With this step, the number of capacitors, time sampling and the remaining variables
became information saved in Raspberry Pi. The number of capacitors divided by three
represent the number of rows of the matrix of capacitors. With this number it is possible
to know in which position (x,y) the center of each capacitor is.

In a previous work developed by Rodrigo Bernardo [72], it was defined a six-order
polynomial that allows to calculate the capacitance based on the distance between the
bone and the capacitor.

Figure 3.21: Average capacitance for porcine samples in an approximation and
compression scenario [72].
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C(x) =

6∑
i=0

pix
i; −4 ≤ x ≤ 0.25 [mm] (3.1)

p0 = 2, 588, p1 = 0, 2925, p2 = 0, 4217, p3 = 0, 2894, p4 = 0, 09628, p5 = 0, 01495,
p6 = 0, 0008502

This polynomial was obtained through multiple capacitance measurements for
various distance positions from the bone to the capacitive sensing technology, during a
compression test. Figure 3.22 on the left, illustrates the various positions that were
considered in this test. A simplified scheme of the experimental apparatus for this in
vitro test is illustrated in Figure 3.22 on the right. The used bone sampling has a
geometry of 10x10x10 mm and the contact between the capacitor and the bone is made
through a 1 mm thick polimeric layer.

(a) (b)

Figure 3.22: Schematic of the compression test and bone-sensor interface during the
experimental test that led to obtain the six-order polynomial: a) Scheme illustrating the
compression test. b) Scheme of the sensing interface used in compression test. [67]

To compute the bone-implant distance it was created a table with all bone-implant
distances and the related measured capacitance (in the range between -4 mm and 0.25
mm). Having a capacitance value, it is possible to perform a linear regression between the
two closest values in order to find the distance value. This approximation is valid once
there are slight variations of capacitance/distance in near regions and the polynomial
has a good correlation coefficient.

With this table it became possible to calculate the distance following the present
steps:

• Calculate a random number between 2.4649 pF and 2.6924 pF;

• Calculate a number 5% greater and other 5% less than the calculated in the previous
point;

• Generate numMed (this value is introduced by the website user) random values
which must be contained in the interval calculated before and compute the mean
of these values;
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• Find the position in the table, and based on the previous and the next value of
capacitance, compute the distance.

Note that the second step is performed since, in a real experimental test, more than
one acquisition of data is performed for the same bone position. So in order to approach
this test to the real one, there is a need to reduce the interval for the generation of new
values made in the third step.

Now that the position (x,y) of the capacitor, the capacitance and related bone-sensor
distance are known, it is possible to insert these values into the different tables of the
database executing two different queries, one for the graph table and other which will be
executed as many times as the number of capacitors, to insert a new row in each table
capacitorX.

The position (x,y) of the capacitor remains constant during the implant lifetime,
which does not happen with the capacitance and consequently the distance. Thus, the
previous steps are repeated with the periodicity indicated in the time sampling (measured
in days).

This code is also in a function which runs every second in order to evaluate if the ‘now’
button is pressed. If this occurs, a new value of distance is computed at the moment and
inserted in the database.

3.5.2 Simulation of an approximation test

In order to simulate an approximation test, a bone sample with different heights was
defined (Figure 3.23). The polynomial described by equation 3.1 only evaluates distances
from a distance of 4 mm to contact. For this reason, a distance of 4 mm was considered
the initial position of the sample to the capacitor.

Figure 3.23: Schematics of the bone sample.

Subsequently, distances of 0.25 mm were defined until there was contact between the
capacitor and the region of bone that has a higher height (Figure 3.24 left). After the
contact, it was also simulated that there was a bone regeneration until all the different
parts of the sample contact with the capacitor (Figure 3.24 right). The values were also
obtained based on the table created for the previous test.
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Figure 3.24: Scheme illustrating the compression and regeneration test: a) compression
b) regeneration.
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Chapter 4

Results

This chapter aims to present the results obtained after two simulation tests. The analysis
started with the creation of an account on the website. Later, the control page was
accessed to visualize the bone-implant fixations state according to the proposed methods.

4.1 Random values test

In order to verify the operation of this application, a user named "ines" was created
with the patient name "maria_peres". The remaining variables inserted are shown in
the Figure 4.1.

Figure 4.1: Submitted form.

As shown in the Figure 4.1, the time sampling is 5, so every 5 days a new acquisition
of capacitance is conducted and converted into a distance. However, in order to reduce
the acquisition time, a day is simulated as a minute in this test, so each 5 minutes a new
value is computed.

Data were acquired and saved in the respective database. During this time, the control
page was accessed several times and the data were analysed by different methods. In the
following figures, different plots are shown. Each one corresponds to a different day of
acquisition. As it can be seen, the values do not present a realistic evolution of the state
of the bone-implant status, as they were randomly acquired. With a real experiment test
machine, the values will present realistic bone-implant distances for different regions.
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Note that the value of 0 in the z axis is represented in the bottom to simulate where
the capacitor is positioned. The negative values present the position of the bone relative
to the capacitor.

(a) First acquisition (b) Tenth acquisition

(c) Twenty-third acquisition (d) Sixtieth acquisition

Figure 4.2: Three dimensional plot for different days of the random validation test.

As explained in the previous chapter, data can be analysed in different regions (where
each region is related with each capacitor) over time. The numbering of each capacitor
started in the first row and first column and increases by column and later by row (Figure
4.3).

Figure 4.3: Schematic with the numbering of the network of capacitor printed in the
PCB.

The two dimensional plots present the distance (y axis) between the chosen days (x
axis). The following figures illustrate the distance in all capacitors between the first day
and the sixtieth day. Once again, these plots only demonstrate that it is possible to
acquire data from different parts of the implant.
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Figure 4.4: Data acquired in each capacitor between the first and the sixtieth day.
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The ’now’ button allows to acquire data at the moment that it is pressed. After the
data is acquired, a three dimensional plot is displayed. This button was also pressed
during the simulation test and the result is presented in the following figure.

Figure 4.5: Data acquired after clicking on ’now’ button.

4.2 Approximation test

To carry out this assessment, each displacement of 0.25 mm is performed every 5
minutes. So, nine acquisitions were carried out until the bonding of bone sample with
the interfacial polymeric sheet occurs, and eight acquisitions until all samples are in the
bonding scenario. The following figures present 6 out of the 17 acquisitions in the three
dimensional plots.

(a) First acquisition (b) Fifth acquisition
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(a) Tenth acquisition (b) Fifteenth acquisition

(c) Sixteenth acquisition (d) Seventeenth acquisition

Figure 4.7: Three dimensional plots for different days of the approximation validation
test.

In contrast to the previous results, it is possible to analyse the evolution of the bone
towards the capacitor, placed in the position 0 of the z axis. The similarity between this
test and the real one shows that is possible to visualize minor variations of distance in a
three dimensional plot.

The bone sample was designed in order to have the same height for each row of the
capacitor matrix. So, the values acquired for each capacitor placed in the same row
are the same. Taken this specification into consideration, the illustration of the two
dimensional graphs (Figure 4.8) was only performed for one capacitor of each row.
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Figure 4.8: Data acquired in the first capacitor of each row between the approximation
test.

The download button allows to save an Excel file on the computer. As shown in
Table 4.1, it is possible to verify that the file has five columns: the time that the data
is acquired, x position of the capacitor, y position of the capacitor, the distance and the
capacitance.

Although not all values were presented in the two dimensional plots, they are saved
within the Excel file with the same distance for each row of capacitors. After downloading
the file, it was performed a modification in order to consider just the same acquisition
as the represented in the three dimensional plots. The first acquisition is illustrated in
yellow.
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Table 4.1: Example of an Excel file downloaded to the PC.

Inês Peres Master Degree



Chapter 5

Project for the experimental
apparatus

In order to be able to continue the work developed and allow a realistic test in vitro in
a laboratory environment, the overall sensing system and experimental apparatus were
engineered. In this regard, this chapter gives a description of all the
materials/technologies that need to be developed and acquired to enable in situ and in
vitro testing.

5.1 Sensing technology

As explained on section 3.1, the capacitive structures allow the detection of dielectric
variations. For the experimental project, three different capacitors (Figure 5.1) were
designed and disposed in different PCB. Each board contains a total of twelve capacitors
(of the same type) arranged in a 4x3 matrix. In order to be able to produce a later
analysis of the performance of each type of capacitor, some variables were kept constant:
(i) 2.5 mm spacing between rows; (ii) 4 mm spacing between columns; (iii) 0.5 mm gap
between electrodes; (iv) a total footprint dimension of each capacitor of 7.5x7.5 mm.

Figure 5.1: Schematic of the interdigitated, squared and striped architectures.
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5.2 Data acquisition and processing

Data acquisition must be conducted by using an EVAL-AD7746 to obtain the capacitance
values through I2C communication. The following sections indicate the various materials
required to implement the data acquisition system. Figure 5.2 shows how they are
electrically connected.

Figure 5.2: Scheme that presents how components must be connected.

5.2.1 Raspberry Pi 4

This device selects the chosen capacitor to collect data and it is responsible to store them
in the correct table of the database. It will also be responsible for a TCP-IP connection
to the webserver in order to provide data that allows the analysis of the acquired data.
Figure 5.3 illustrates how the systems are connected.

Figure 5.3: Scheme with all components that allow the data acquisition and monitoring.

5.2.2 EVAL-AD7746

In the proposed architecture, twelve capacitors must be used. Each EVAL-AD7746
board (Figure 5.4) allows the acquisition of capacitance values from two capacitors, so
six EVAL-AD7746 boards are required. The AD7746 architecture features an inherent
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high resolution (24-bit no missing codes, up to 21-bit effective resolution), high linearity
(±0.01%) and high accuracy (±4 fF factory calibrated) [73].

The AD7746 provides a second capacitive channel, the CIN2. On the AD7746
evaluation board, the second capacitive channel is used with the on-board capacitive
length sensor demo. To disable the capacitive length sensor demo, the two 0 Ω SMD
resistors, R1 and R2, will be disconnected. Any capacitive sensor can then be directly
interfaced to CIN2 of the AD7746 by connecting one end of the capacitive input to
either the SMB connectors, labeled CIN2+ or CIN2−, and the other end to one of the
SMB connectors, labeled EXCA or EXCB [73]. After concluding this alteration, it will
be possible to connect two capacitors to the EVAL board.

Considering only one EVAL-AD7746, each planar electrode of the first capacitor must
be connected using the channels CIN1+ (positive polarization) and EXCB (negative
polarization), while the second must use the channels CIN2+ (positive polarization) and
EXCA (negative polarization). The connection between the PCB and the EVAL-AD7746
board must be carried out by using the RG174 coaxial cable after a welding process.

Figure 5.4: EVAL-AD7746. [73]

Whenever it is necessary to collect a capacitance value, a write operation must be
sent using I2C protocol. This operation has the sequential values that must be written
in each register, beginning in the address pointer 0x07. After sending the write message,
it is necessary to send a read message. The latter indicates the registers that want to
be read in order to obtain a capacitance value. This board requires the reading of three
sequential values beginning in the address 0x01.

EVAL-AD7746 has a 5V power supply, so it can be connected directly to the USB
port of a computer. However, the use of a USB multiplexer is required once six boards
are used and the computer usually comprises fewer USB ports.

5.2.3 I2C multiplexer

All the EVAL-AD7746 boards have the same slave address so it is impossible to connect all
the I2C communication cables directly to the Raspberry Pi since it would be impractical
to select which one receives/sends a message. The use of an I2C multiplexer can overcome
this issue, once this device allows the connection of multiple I2C devices with the same
address to a single I2C bus. The I2C Multiplexer pHAT for Raspberry Pi (Figure 5.5)
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not only allows the connection of eight devices with the same slave address, but also it
enables the direct connection to a Raspberry Pi 4.

Figure 5.5: I2C Multiplexer pHAT for Raspberry Pi (from https://thepihut.com).

5.3 Support platform

A support was designed according to the Figure 5.6. The description of each component
is presented in the following topics and the technical drawings are in Appendix A.

1. Main support to stabilize all the components;

2. Polycarbonate sheet to prohibit bone-electrode contacts and ensure very high
electrical resistivity. This electrically isolated sheet must be positioned above the
sensors and below the bone samples;

3. Structure that must be clamped to the testing machine. The length of this structure
was defined to minimize the influence of dielectrics on the metal grabs;

4. Bone fixation structure (that is attached with the element 3) to establish different
distances between the bone samples and the interfacial sheet, where each bone
sample was attached using nylon screws;

5. M5 screws to fix the polycarbonate plate;

6. Removable component, where the PCB will be incorporated;

7. Aluminium plate to ensure fixation to the compression machine, using M10 screws.
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Figure 5.6: Support platform. The explanation of each component is in the previous
page.

5.4 Bone samples

The experimental tests must be carried out with biological specimens, preferably porcine
femur due to its similar characteristics to humans. After acquiring the samples, it is
necessary to remove the cortical bone, the bone marrow and the remaining soft parts.
Only the trabecular bone must be used in a total of six specimens with 20×10×8 mm.

5.5 Test machine

In order to carry out the experiment, it is necessary to move the bone samples downwards.
The machine AGS−X 10 kN (Shimadzu) with a precision of 0.01 µm, must be used, being
controlled with the software Trapezium X (Shimadzu).

5.6 Experimental procedure

The first step must be to configure the EVAL AD7746 to: (i) allow the data acquisition
from two capacitors; (ii) define the monitoring sampling rate of 50 Hz; (iii) define the
single-ended mode. These configurations must be carry out by sending the write
operation trough the I2C connection. The position z=0 must be the position where
occurs the minimum bone-sheet bonding (when non-zero loads are detected).

After the initial settings, compression and decompression tests must be conducted.
First, the bone must be displaced towards the capacitor without contact and the reverse
path should also be performed. At each stop point (Figure 5.7) three hundred capacitance
values must be acquired for each of the twelve capacitors.

Inês Peres Master Degree



48 5.Project for the experimental apparatus

Figure 5.7: Scheme illustrating the compression and decompression test: a) compression
b) decompression [67].
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Chapter 6

Discussion

Aseptic loss represent the main reason for implant failure and this condition can lead to
revision surgeries. The increasing number of patients that undergo this surgery
emphasizes the need to significantly improve the sensing methods for efficient
monitoring of the bone-implant fixation. The number of revision procedures may be
minimized if the performance of sensing technologies is improved or innovative
technologies emerge. Alternative methods of monitoring cementless implants were
studied in the literature review. This study focused more on this type of implants due
to the fact that the proposed architecture is designed for implants with this type of
fixation.

A monitoring system will be effective if it fulfills the following criteria:

1. Operate non-invasively regarding peri-implants tissues;

2. Allow the integration inside implants;

3. Allow stretchable and flexible integration inside implants;

4. Allow their design with different topological structures and for different geometries
of the bone-implant interface;

5. Enable controllable and personalized monitoring of target regions on the tissues;

6. Allow to follow-up the bone-implant interface state throughout the daily life of
patients.

Considering the technologies studied in the literature review and the criteria presented
above, the following table 6.1, adapted from Cachão et al. [38], identifies the ability of
each technology to provide an effective monitoring of the bone-implant fixation.
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Table 6.1: Criteria used to define the potential of monitoring methods. Adapted from
Cachão et al. [38]

Methodologies Methods
Requirements

1 2 3 4 5 6

Vibrometric
Ext. mechanical excitation / Ext. mechanical signal X × × X × X
Ext. magnetic induction / Ext. mechanical signal X X × X × X
Int. mechanical excitation / Ext. mechanical signal X × × X × X

Acoustic
Ext. mechanical excitation / Ext. acoustic signal X × × X × X
Int. mechanical excitation / Ext. acoustic signal X × × X × X
Ext. magnetic induction / Ext. acoustic signal X X × X × X

Bioeletrical Ext. electrical current / Ext. electric potential
X × × X × X

impedance difference
Magnetic

Ext. magnetic induction / Ext. magnetic induction X X × X × X
induction

Strain
Int. mechanical loads / Int. bone deformation × X X X × X
Int. mechanical loads / Int. fixation plate

X X X X × X
deformation

Capacitance
Intracorporeal dielectric alteration / Intracorporeal

X X X X X X
capacitance change

Terminology: Int.- Intracorporeal; Ext. - Extracorporeal

Vibrometric and acoustic methods are the most studied methodologies up to date.
The most relevant limitations of these studies is not only the impossibility of allowing
stretchable and flexible integration, but also the unfeasibility of monitoring target regions.
Another point to note is that although they enable continuous patient monitoring, it can
be uncomfortable due to the use of extracorporeal systems.

The methodology based on bioeletrical impedance operates non-invasively regarding
peri-implants tissues and can be used in different geometries of the bone-implant
interface. However, the integration inside the implant and the monitoring of target
regions are hard to achieve.

In the methodology based on magnetic induction, the limitations are related to being
hard to implement stretchable and flexible sensors integration inside implants and the
difficulty of monitoring target regions. It should be noted that only one method was
proposed for this methodology and that four of the six requirements necessary to be
considered an ideal implant are fulfilled.

In the strain approach, two methodologies were proposed and the common limitation
is their current inability to monitor target peri-implant regions.

Capacitive methodologies, which is within the scope of the technology here proposed,
fulfill all the requirements for an effective monitoring.

Briefly, as shown in Table 7.1, the main limitations of the studied methods remain
the difficult incorporation of the systems inside the implant and the inability to evaluate
specific areas of the bone-implant interface. Another essential point to highlight is that
although all of the methods can monitor the bone-implant interface states during the
patient’s daily life, the proposed systems can be uncomfortable to use and reduce the
quality of life of the patients.
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The main characteristics that distinguish this prototype from the others already
studied as a capacitive approach are: (i) three capacitive architecture were include and
their dimensions can be easily altered if necessary; (ii) the number of capacitors can be
adjusted, in multiples of three and the website will work in the same manner;
(iii) allows the monitoring of different target regions; (iv) bone-sensor distances may be
acquired during the daily life of the patient.

It should be noted that the possibility of continuously monitoring the bone-implant
interface will not be inconvenient for the patient since the system is incorporated within
the implant. The website allows a proximity between the clinician and the patient, which
is very important for an effective monitoring and ensuring the reduced number of medical
appointments.

The analysis by region proved to be advantageous so that, in the future, bone growth
stimulation could be performed only in regions were bone loss was detected.

With the simulation of the approximation test, it is possible to verify that small
changes in distance are also visible in both graphs, which demonstrates the potential of
the proposed system in experimental tests.

The possibility of downloading the file that comprises all the acquired data is quite
useful to effectively track the bone-implant fixation, allows a more accurate analysis of
small variations of displacement and allows the elaboration of other type of studies.

Even if this system provides several advances in the proposed monitoring systems, it
also has some limitations such as the memory needed to save data, in particular if the
primary surgery is made in young people. This problematic can be solved if the tables
in the database host in the Raspberry Pi are truncate after downloading the Excel file.
In order to be fully functional and to be able to establish a TCP/IP communication,
this system requires electric energy which can only be obtained using effective energy
harvesting systems incorporated within the bioelectronic implants.
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Chapter 7

Conclusion and Future Works

There are currently several studies that have identified several methods for monitoring
the bone-implantinterface: vibrometric, acoustic, bioelectric impedance, magnetic
induction, strain and capacitance. Although more than twenty four technologies were
already proposed, none is able to provide an effective monitoring. This work aims to
contribute to this development, designing an advanced technology that provides the
following breakthroughs: (i) network of cosurface capacitors to acquire data from
chosen regions, in order to reconstruct the bone-implant fixation state in a three
dimensional plot; (ii) data can be acquired from target regions in order to proceed to a
separate analysis; (iii) data can be acquired continuously during a period of time or can
be acquired at a specific moment.

It was not possible to carry out experimental tests, so simulation tests were performed
using capacitance values generated from data acquired during previous experimental tests
in vitro. The prototype for the experimental tests was designed and instructions were
given on how the different components must be electrically interconnected.

The results obtained in the two performed simulation tests demonstrate the potential
of the website to operate together with a network-based corsurface capacitive sensing
prototype, which must be manufactured in future works, as well as to validate the concept
of bioelectronic implant extracorporeally controlled by clinicians.

As revision surgeries must be minimized to improve the quality of life of patients,
research efforts must be conducted to design an effective instrumented implant. In this
sense, the following future works are proposed:

• To conduct experimental tests in vitro and in vivo to validate the network-based
sensing system here proposed;

• To miniaturize the overall data acquisition system;

• Development of a Master-Slave system (hardware and software) with ability to
wirelessly: (i) switch between stimulation and sensing operations; (ii) configure and
operate both the delivery of electric stimuli and the monitoring of bone-implant
fixation state;

• Conducting experimental tests in vitro and in vivo using other biophysical sensors;

• Publish of a scientific paper with the obtained results.
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Figure A.1: Technical drawing of the principal support for the experimental setup.
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Figure A.2: Technical drawing of the bone support for the experimental setup.
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Figure A.3: Technical drawing of the capacitor support for the experimental setup.
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Figure B.1: Home page.
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Figure B.2: About section.
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Figure B.3: Create section.

Inês Peres Master Degree



B.Website 73

Figure B.4: Contact section.

Inês Peres Master Degree



74 B.Website

Figure B.5: Login page.
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Figure B.6: Control page.
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