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ABSTRACT

The present work involved the mechanical properties evaluation of cadaveric
specimens with titanium prosthetic stems by monitoring the strains in a realistic
simulated environment of human joint forces. The results of this work can be used to
understand the behavior of bone tissue and improve the design of the hip implants,
enhancing quality of life for patients suffering from diseases and injuries. The literature
survey part of the research referenced multiple scientific fields crucial for its
completion, including the historical context of THA, the evolution of contemporary
THA, hip biomechanics, the mechanical properties and the behavior of bone tissue and
biomaterials, additive manufacturing techniques for the construction of patient-specific
implants, and the biomechanical sensors and optical techniques that provide strain
distribution and displacement data for the implant-bone system. The experimental
phase was divided into two main parts: designing and constructing a mechanical system
capable of accurately replicating the forces acting on the hip joint, and the mechanical
evaluation of two cadaver human femurs, one intact and one implanted with a titanium
alloy prosthetic stem. A Digital Image Correlation (DIC) system was used to capture
the strains of the cadaver specimens in two different planes. The intact femur reached
the maximum load in all five attempts, exhibiting a linear behavior. The DIC results
indicated that the highest strain concentrations are in the medial diaphysis and in the
femoral neck. These results were consistent with other studies referenced in the
theoretical part of this work. The implanted femur did not reach the maximum load
because it was damaged by the polymerization of PMMA at the great trochanter. With
only limited data collected, the implant-bone system showed linear behavior during the
loading, a similar behavior that was detected for the intact femur, however, this data is
insufficient to evaluate implant integrity. Future research should focus on improving
both experimental design and methodology utilising the challenges and limitations

encountered in this work.

KEYWORDS

Strains, Cadaver Femurs, Titanium Alloy Prosthetic Stems, Loading Setup, Digital Image
Correlation, Biomechanical Sensors.
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INEPIAHYH

H mopovoa epyoacio mepthappdvel v agloAdynon Tov UnNxoviKeov oTTov
TTOUOTIKOV  pnpuiov oot®v pe Tpochetikd otedéyn omd Kpaupoto Titaviov
TOPAKOAOVODVTOC TIG TOPUUOPPAOELS TOVG VIO mieon/unyoviky tdon oe évo
PEAMOTIKO TTEPIPAALOV TPOCOUOIDGNS TV SUVAUE®V OV aokovVTol 610 oyio. Ta
amoTEAECUATO TG TOPOVoOG OOVAELAG UTOpOVUV va ypnowomonfodv yioo v
KOTOVONGN TNG CLUTEPUPOPAS TOV OGTIKOV 16TOV Kol TN PEATI®OOT TOV GYEOIACUOD TOV
EUPLTELUATOV 1oYioV, BEATIOVOVTAS TOPAAANAL TV TOLOTNTA (ONG TOV as0EVAOY TOL
TAoYOVV o GOEVELEG KOl TPAVHOTIGLOVG 6TO 16%10. To Bewpntikd puépog g Epguvag
aPOPE TOAAATAG EMGTNLOVIKA eI KPITUA Y10l TNV OAOKANPMOOT] TNG. ZVYKEKPLUEVQ
yivetor avo@opd o©T0 16TOPIKO TANIc0 Kot otnv €EEMEN NG GUYYPOVNG OAIKNG
apBpoTAAGTIKNG 1oYi0Vv, GTNV EUPLOUNYAVIKT TOV 16YI0V, GTIG UNYAVIKOV 1WO10TNTES Kot
TNV GLUTEPLPOPA TOV OGTIKOV 1GTOV KOl TOV GVUYYPOVAOV POVAMK®OV, GTOVG TPOTOVG
KOTOGKELNG TOV E01KA TPOGOPUOCUEVAOV EUPVTEVUATOV Yol TOV a6Hev] Kol GTOVG
epPropnyavikods acONTNPES Kol OMTIKOV TEXVIKMOY TOV TAPEXOVV OEGOUEVO YOl TIC
KOTOVOUES TOV TOPAUOPPOGEDV KL TOV HLETATOTIGEDV TOV 0GTOV Kl ELPUVTELUOTOGC.
H mepapatikn @don yopiotnke og 600 KOpLo LéEPN: T0 oXEOOGUO KoL TNV KOTAGKELN
EVOC UMYOVIKOD GUGTIHOTOC IKOVOD VO OVOTTOPAYEL LE aKPIPEL TIG SUVAUELG TOV dPOLV
oV apBpwomn tov 1oyiov Kol T PNYavikn aEloAdynon d00 TTOUATIKGOV avOpOTIVEHEV
unpaiov 06TV, evog dOKTov Kot evOg ELPLTELUEVOD. XPNGUYLOTOIDOVTOS £VO GUGTILLOL
Y1rowokng Zuoyétiong Ekdvag katoypdenikay o1 TapopopedcELg TV SOKIHU®OV GE V0
olapopetikd emineda. To aBwto pnplaio 0otd £QTOCE GTO UEYIGTO QOPTIO KOL OTIG
TéVTE TPOOTADEIEG, OelyvovTog YPOUUIKY GULUTEPIPOPA KOTA TN @OpTicn. Ta
AMOTEAECUATO. TOV GUOTNUOTOS WNOKNG OCLOYETIONG €ovag €deiEav  OTL Ot
VYNAOTEPEG GLYKEVTIPMOGELS KATATOVIOTG NTAV GTNV €60 S1APVCT| KOl GTOV QLYEVO TOV
unploiov 06tov. Avtd TO ATOTEAECUATO NTOV GOUQ®OVO HE OAAEG UEAETEG TOV
avaQEPOVTOL 0T0 BemPNTIKO PEPOC aVTNG TG Epyaciag. To epputevpévo unproio 0otod
dgv £pTaoE 6TO HEYIOTO POPTIO EMELDN LTEGTN {NLd amd TOV TOAVUEPITUO TOL LOTPLKOD
topéviov otov petlova tpoyaviipa. Me to meplopiopéva povo dedopéva mov
GLAAEXONKOVY, TO GOOTNUA 0GTO-EUPVTEV LN, ETEOEIEE YPOLLUKT COUTEPLPOPA KOTA TN
@optoon. Qot1dc0, avtd to dedopéva givor avemapkn ywu v aglohdynon g
AKEPULOTNTOG TOV EUPVTEVUOATOS. MEALOVTIKEG EPEVVEG TAV® GE OWTO TO KOUUATL Ot

TPENEL VO, EMKEVIP®OOVYV o1 Pedtioon Tov TEWPAUATIKOD GYeSOGHOD Kol TNG
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pebodoroyiag, oavtipetomilovtag TIG TPOKANGELS KOL TOVG TEPLOPICUOVS TOV

cuvavtiinkoy o 0VTo TO £pYO.

AEEEIY KAEIATA

[Mapapopenocelg, Itopatikd Mnpuwio Ootd, ZteAéyn amd Kpdpato Trraviov,
Xoommua  Metagopde @optiov, Zvotmuo  Pnewxng  Xvoyétiong  Ewovag,
Eppropnyoavikoi AwsOntpec.
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INTRODUCTION
Monitoring the strains on cadaveric femurs with titanium alloys prosthetic stems is

a highly complex and demanding process. It requires intense focus, thorough
preparation, knowledge from various scientific fields, and correct implementation of
the proper equipment. The insights gained from this process are necessary for
understanding the mechanical properties of both bone tissue and implants, leading to
the design and production of improved implants. Additionally, it aids in developing
new surgical techniques that are faster and more reliable. The advancement of implants
and surgical methods enhances the success rate of total hip arthroplasty, improving the
quality of life for individuals suffering from conditions like osteoarthritis or hip injuries.
Subject and Purpose

In this study, the strains of two cadaveric specimens - one intact and one implanted
- will be monitored by creating a realistic environment that includes the main forces
acting on a two-dimensional front plane of the hip. These forces are the body force, the
abductor force, and the joint reaction force. The simulation of the forces will be
accomplished by constructing a mechanical system capable of replicating them with
high precision. A DIC system will be used to capture the displacements of the femur
and produce the strain fields. These strain fields will help identify the mechanical
properties of the bone tissue and evaluate implant integrity .
Methodology and Structure

The present study is divided into two parts. In the first part, which is also the
theoretical part of the present work, some scientific fields will be addressed, which are
important to understand for the correct conduct of the experimental part. The theoretical
part includes four chapters that focus on total hip arthroplasty, the biomechanics of the
human hip, the design and manufacture of suitable implants with good mechanical
properties, and the analysis of biomechanical sensors and optical methods for
biomechanical applications. Once these foundation topics are comprehended, the
experimental process begins. Initially, the design, construction, and performance testing
of a mechanical system capable of accurately simulating the main forces that develop
in the hip joint will be carried out. Subsequently, cadaveric specimens will be prepared
and subjected to loads to record developing strains. Finally, the measurements captured
will be compared with other studies to evaluate the constructed system, assess the

implant, and understand the behavior of the bone tissue.
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1. TOTAL HIP ARTHROPLASTY
Total hip arthroplasty (THA) or total hip replacement (THR) is an operating

procedure in which a prosthetic implant is used to replace the hip joint due to its
dysfunction caused by various factors such as diseases and injuries (osteoarthritis,
avascular necrosis of the femoral head, fractures of the femoral, etc). It has been
developed to relieve patients from pain, improve their mobility and quality of life, and
restore the functionality of worn-out joints [1],[2]. To put it another way, total hip
arthroplasty attempts to give the patient a joint that works normally, resists dislocation,
retains as much bone, and lasts as long as possible [1]. It is also considered to be one of
the most successful and popular operative techniques in orthopedic surgery [2], [3], [4].
However, despite the benefits that follow the THA surgery, it is not always the first
option in case of a dysfunctional hip joint, it is typically performed after other
therapeutic options have failed to produce the intended results [1]. An example of the
outcome of this operation is shown in Figure 1, where the right hip (left of image) has
been replaced with a prosthetic implant.

Figure 1: Postoperative radiograph showing the replacement of the right hip (left of
image) with a prosthetic implant. This X-ray was taken after correcting the vertical
cup positioning [5].
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1.1 Chronology
The objectives and methods for implementing total hip arthroplasty began to take

shape hundreds of years ago and they keep changing and evolving even today. Many
historical events narrate the first attempts at improving the quality of life of patients
who had a non-functional hip joint using primary techniques of THA. In the following
paragraphs, the primary techniques of THA are presented also mentioning a number of
important researchers who contributed to the success of THA nowadays. By today’s
standards, many people could say that their effort was a gift to humanity.

1.1.1 Early Techniques for a Dysfunctional Hip

One of the early techniques for a non-functional hip was resection arthroplasty also
called excision arthroplasty. It is a type of surgery where small parts of the hip joint are
removed due to painful fractures or infections. This method aims to eliminate infections
and decrease pain in patients [1], [6].

In 1768 at the Westminster Hospital of London, Charles White (Figure 2)
attempted a surgical excision on a patient who suffered from hip osteomyelitis by
removing the femoral head. Taking into consideration the technology and the means at
that time, plus the complexity of this operation, it could be said that he had exceptional
medical knowledge and skills. Although his technique was primitive by today’s
standards, he demonstrated that hip surgery was a feasible goal, and his excision was
an early attempt to produce a new hip joint in a patient, an early hip arthroplasty without
implants [3].

In 1888 specific techniques that included the replacement of the femoral head and
acetabulum were presented by Themistocles Gluck (Figure 3) [3]. The recorded
attempts at those techniques occurred in the early 1890s in Germany and they included
ivory implants and a cement made of rosin, pumice, and plaster [4], [7]. The results
were presented at the 10" International Medical Conference [4]. Unfortunately, bone
resorption caused these implants to fail [3]. Gluck was a remarkably innovative person
for his time, even though his implants were unsuccessful, , as he contributed to other
projects including nerve regeneration, artificial knee joints, and laryngeal surgery [8].
Figure 4 shows one of his drawings of an artificial knee joint that was found, which
shows his scientific and creative nature. However, as a non-academic surgeon, it took

him a while to receive the academic acclaim he deserved.
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Interposition surgery also called interposition arthroplasty was another technique
that was used in the late 19" and early 20" century for a dysfunctional hip. In this
method, materials were inserted between the surfaces of the hip joints. Both organic
and inorganic materials, including fascia lata, silver, gold foil, rubber, celluloid, and

tanned pig bladder, were employed in the studies [1], [4].

Figure 3: Themistocles Gluck 1853 — 1942 [8].
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Figure 4: Artificial joint made of ivory suggested by Gluck [8].

1.1.2 Early Attempts and Techniques at Total Hip Arthroplasty
The first total hip arthroplasty was performed in 1938. The installation of stainless

steel femoral and acetabular components was carried out by Philip Wiles at the
Middlesex Hospital of London, and it was quite successful for a short time. His work
was analyzed by Mckee, Miiller, et al. Loss of fixation led to failure rates of up to 50%,
hence these designs were unsuccessful [1], [3], [7]. Additionally, the majority of his
records were lost during World War 11 [10].

Moore’s work in 1940, which involved an implant with a large, typical-sized
femoral head, neck, lining, and long intramedullary stem, is another outstanding
example that deserves to be mentioned. This implant had a 135-degree angle to support
the weight more naturally. F.R. Thomson worked with an implant at the same time that
was very similar to that of Moore’s [3].

After the end of World War 11, in 1951 Haboush wrote about his experience using
acrylic cement in total hip replacement. Moreover, he conducted some experiments
with an implant made of vitallium, but due to bone stress shielding all of them were
unsuccessful. After some time, Mckee, et al, used a similar implant and in time they
noticed that it had better results when used with acrylic cement. Their work and

implants continued to be used as a template until the late 1980s [3].
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1.1.3 Later Discoveries and Methods

Professor Sir John Charnley (Figure 5), is considered the father of modern total
hip arthroplasty [4]. Charnley was born in Bury, Lancashire on 29 August 1911. His
education started at Bury Grammar School and his teachers noticed that he tended
toward the sciences, and they urged him to pursue a career in medicine. Charnley thus
enrolled at the Victoria University of Manchester’s medical program in 1929 and
graduated with an MB CHB in 1935 after earning a BSc in anatomy and physiology.
Charnley decided to focus on the advancement of hip replacement surgery in 1958 [11].
In the beginning, he had several challenges with hip arthroplasty, including how to
perfect the implants’ connection to the bone and how to restore the diseased hip’s
mechanics [12]. He initially tried out an implant based on Teflon but unfortunately, it
was unsuccessful [10]. In 1962 Charnley performed the first successful total hip
replacement. His concept included the following elements: a femoral component made
of stainless steel, an acetabular component made of polyethylene, and bone cement [1].
His implant is presented in Figure 6. His method was named “low-friction arthroplasty”

and still gives the finest outcomes even today [2].

Figure 5: Professor Sir John Charnley (1911-1982), who shaped today’s total hip
arthroplasty [12].
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Figure 6: Charnley’s hip implant. The femoral component is made of stainless steel
and the acetabular component is made of polyethylene. It was also named “low-
friction implant” and it was used in combination with bone cement [3].

In 1970 an implant that could be firmly fastened to the bone was devised and
constructed by Ling (Figure 7) and Lee at the public research university in Exeter,
United Kingdom. In combination with acrylic bone cement, the stem could maintain a
strong bond with the skeleton for a long time. The implant was named the “Exeter hip”
(Figure 8) and it became a gold standard at the time [3].

!
Figure 7: Robin Ling (1927 — 2017) one of the two creators of the “Exeter hip” [3].
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Figure 8: The “Exeter hip” femoral stem invented by Ling and Lee. It became a
standard during the 1970s [3].

In 1997 Derek McMinn introduced “Hip Resurfacing Arthroplasty”. This method
involved the insertion of the first modern metal-on-metal resurfacing hip implant, called
the “Birmingham Hip” (Figure 9). Because this technique uses a smaller implant, it

results in less damage to the soft tissues during surgery [13].

Figure 9: Birmingham Hip invented by Derek McMinn in 1997 [13].

1.2 Total Hip Arthroplasty Nowadays And In The Future

In today’s era, total hip arthroplasty is characterized as the most frequent and
effective surgery, and rightly so, because in recent years there have been great advances
in the manufacture of prosthetic implants, in surgical techniques, and in the primary
stability of the hip implants [14], [15]. The advances that have been made in primary
stability are especially important because the restoration of native hip biomechanics
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and attaining precise implant positioning are crucial factors for positive long-term
outcomes [2], [16]. Total hip replacement surgery has a well-documented 90% success
rate in 10 years after the operation [17].

All these advances are contributing to the rapid increase in the use of THA and it
Is estimated that there will be approximately 572,000 cases per year by 2030 only in
the United States [18]. It is also estimated that from 2018 to 2030 the number of THAS
in Japan for men aged 40-64 years old will be increased by 103%, for men aged 65-74,
by 147%, and for men aged equal to or above 75 years old, by 119% (zddAua! To apyeio
npoghevong tng avadopdg Sev Bpébnke.) [19].

Prediction about the increased use of THA by the year 2030 was also observed in
Australia after a survey conducted in 2019 based on two scenarios. In the first scenario,
the estimations about the number of THAs annually were based on the steady rate of
surgery starting in 2013 (Figure 10), and in the second scenario were based on the
continued increase in surgery rates based on growth from 2003 to 2013 (Figure 11)

[20].
Table 1: Projected numbers of total hip arthroplasties from 2020 — 2030 in Japan
[19].
MEN

YEAR 40-64 65-74 >75
Hip 2020 | 4935 4297 3068

arthroplasty
2021 5252 4743 3222
2022 5597 5008 3529
2023 5959 5267 3869
2024 6335 5544 4225
2025 6734 5888 4554
2026 7150 6298 4864
2027 7585 6793 5159
2028 8029 7399 5439
2029 8484 8132 5702
2030 8936 9005 5972
'(ggigasgggg)e 103% | 147% | 119%
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Figure 10: Increase in total hip replacements from 2003 to 2030 in Australia
according to Scenario 1 [20].
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Figure 11: Increase in total hip replacements from 2003 to 2030 in Australia
according to Scenario 2 [20].
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1.2.1 The Impact of Technological Evolution on Total Hip Arthroplasty

In recent decades, there have been tremendous advances in medical technology,
specifically in the field of orthopedics, which have improved the care and quality of life
of patients [21]. An example of how quickly technology is evolving in orthopedics is
the number of orthopedic devices approved by the US Food and Drug Administration,
which increased by 400% from 2002 to 2012 [22].

In total hip arthroplasty, extended reality (XR), 3D - printing, and robot-assisted
surgery (RAS), have a significant impact on surgical education, gathering pre-operative
information that helps orthopedists have a better view of the problem, and achieve better
precision for the implantable stems during surgeries [23].

1.2.1.1 Virtual Reality (VR)
To enhance their skills and obtain knowledge, future surgeons usually operate on

cadavers. However cadaver training is quite difficult and dangerous because it needs to
be done under certain conditions, it is very costly, it takes a long time to prepare, and
above all, there is a possibility that trainees may be exposed to infections [2].

Virtual reality eliminates these difficulties and makes training easier. It offers
many advantages such as:

e Itrequires only special glasses and a pair of controllers connected to a computer.

e It can create an environment that looks exactly like the operating room; thus,
the trainees are acclimatized to the space.

e The trainees can have unlimited tries and time to practice.

e With a computer, anyone can have access and train from anywhere.

e Learning surgical techniques and maneuvers leads to fewer potential mistakes
upon execution.

e Trainee performance can be evaluated at any time.

e Multiple people can practice simultaneously in the same simulation; thus,

teamwork and cooperation can be improved.

Virtual reality opens up a lot of possibilities for total joint arthroplasty. It is a means
by which new surgical techniques and equipment can be tested, observed, and evaluated
[2]. It has been demonstrated in the past that training using virtual reality simulators
enhances surgeons’ performance. However, the current literature does not make it clear
if virtual reality offers realistic training for pin/screw placement, which is essential in
orthopedic procedures [24]. Figure 12 shows a surgery that is been conducted via virtual

reality simulation.
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Figure 12: On the top right, two operative staff members wearing special glasses,
and their visual environment is being entirely replaced by a virtual one. The rest are
moments from the surgery during the simulation [25].

1.2.1.2 Contribution of 3D Printing

Three-dimensional printing (3DP), also known as additive manufacturing (AM), is
a very popular procedure in medicine. It is used to create objects such as medical
implants, and equipment using various materials including metals and alloys. The
printing procedure is very simple; a three-dimensional design is first created using a
development software on a computer (the software may be different depending on the
manufacturer and model of the 3D printer) and then it is sent to a printer that produces
it layer-by-layer exactly as in the design.

The contribution of 3D printing to total joint replacement has brought many
advantages over the years in both implant manufacturing and surgical planning. The
use of three-dimensional printing enables production of parts/implants, that were
impossible to create before as well as the enhancement of already existent parts, which
raises the success of many surgical procedures. Better implant manufacturing means
easier application and better precision, which lead to positive long-term results.
Usually, the cost of the parts/implants depends on the manufacturer, the size and cost
of the machine, and the quality of the material that is used. As for surgical planning,
3DP can produce anatomical designs, assisted by CT, MR, plain radiography, and echo
imagery that will help the surgeons evaluate and observe the problem from a better view
before the surgery. After evaluating the problem surgeons can also produce a sequence
of steps (navigation plan) that will follow during the surgery, which results in less

operating time, muscle fatigue (for doctors), and expenses [26], [27].
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The above-mentioned advantages of this technology are the reason why 3DP has
revolutionized the industry and orthopedics and it certainly affected Total Hip
Arthroplasty too. However, the applications of 3DP are still limited (generally in
orthopedics) due to the processing time that is required to produce an implant of the

desired quality and the price associated with extensive manufacturing [2].

1.2.1.3 Robotic Total Hip Arthroplasty
The rapid development of technology has also provided medicine with robots that

assist in the surgical procedure. The robots began to associate with total hip arthroplasty
in the USA and Germany in the 1990s and they were used for femoral osteotomy and
implant positioning [28]. One of the first robots was ROBODOC (Figure 13), it was
made by THINK SURGICAL, and in 1992 the ROBODOC team received the
“Computerworld Smithsonian” award for innovation in the Arts and Sciences [29].

Nowadays, the robots used in total hip arthroplasty procedures are divided into two
groups. The first group includes the semi-active robots, where the surgeon carries out
the surgical act by controlling the robot’s movements (robotic-arm-assisted
technology). In this case, the robot prevents the surgeon from performing a movement
that will cause an unfafourable situation. An example of a semi-active robot is the
MAKO (Stryker, Figure 14). The second group includes the fully-active robots, which
perform all the surgical procedures based on a pre-operative plan. An example of a
fully-active robot is the TSolution One (THINK SURGICAL, Figure 15). Robotic total
hip arthroplasty offers better precision in resection arthroplasty, for example in
removing infected or damaged parts, without causing additional soft tissue damage. It
provides more accurate implant positioning for the acetabular cup and femoral implant
which is a crucial factor for positive long-term results. A pre-operative plan is required
in robotic THA. The pre-operative plan includes creation of a three-dimensional model
of the pelvis and the femur with the help of imaging tools such as computed tomography
(CT) scans. The 3D model is analyzed by the robot’s software and plans the position of
the implant, taking into consideration the acetabular geometry and its center of rotation,
the femoral torsion (femoral neck anteversion), etc. This analysis can be done by the
surgeon and engineers and upload the required information into the robot’s software.
Some robots can choose the required implant for the surgery as well. The robot then
uses this information to perform the surgery, always under the supervision of an expert
[2], [28], [30], [31], [32].
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Figure 13: ROBODOC, the first FDA-approved robot that assisted a surgeon in a
THA in 1992. (A) Early prototype; (B) latest model [33].

Figure 14: MAKO, a robotic-arm-assisted technology that helps surgeons provide
patients with a personalized surgical experience [34].
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Figure 15: TSolution One, a fully-active robotic system [35].

However, according to many studies, robotic THA has not provided much better
results than conventional surgeries and many skeptical surgeons do not prefer to use it.
Robotic THA has also high installation costs, cost of services (updating software, etc.)
and it takes a long time for the surgeon to learn to operate the robot. Besides that, most
contemporary robots cannot operate with various types of implants but only with
specific types. There have also been recorded cases of fully-active robotic THA systems
that caused soft tissue injuries and femoral fractures during the operation [2], [28], [30],
[31], [32].

Taking into consideration all of the above, robotic total hip arthroplasty can
certainly provide more accuracy during the operation and better post-operative results.
However, several investigations still need to be done regarding its cost-effectiveness
and reliability.

1.2.2 Hip Conditions that Require Total Hip Arthroplasty
The reasons that can lead a dysfunctional hip to a total replacement are varied

nowadays and include diseases and injuries. The most common are Primary
Osteoarthritis (POA), Avascular Necrosis of the Femoral Head (ANFH), Ankylosing
Spondylitis (AS), and Rheumatoid Arthritis (RA). ANFH can occur due to many factors
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such as femoral head and neck fractures, hip dislocation, slipped capital femora
epiphysis as well as radiation and smoking. I¢pdéApa! To apxeio mpoéAeuong tng

avadopdg Sev BpéBnke. presents some of the factors related to ANFH in more detail.

Table 2: Risk factors of avascular necrosis of the femoral head [36], [37], [38].

RISK FACTORS FOR AVASCULAR OF THE
FEMORAL HEAD NECROSIS

Femoral Head and Neck Fractures
Hip Dislocation
Hematologic Diseases
Metabolic Diseases
Alimentary System Diseases
Intake of Steroids
Alcoholism
Smoking
Radiation
Autoimmune diseases

2
>
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In total hip arthroplasty, it is very important to know the cause of the problem
because different causes create different biomechanics [39]. Different biomechanics
lead to different implementation techniques for doctors as well as for engineers. In the
engineering part, it concerns the manufacture of an implant depending on the cause,

and the creation of the appropriate tools and systems.

2. BIOMECHANICS OF THE HIP
The analysis of forces exerted on the hip joint and the distribution of strains on the

femur plays a crucial role in acquiring the necessary knowledge for the experimental
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phase presented later. This understanding is essential for accurately interpreting and
comparing the experimental results with other studies that are going to be mentioned
here. Including cadaver studies, composite studies, and even numerical simulations.
2.1 Hip Joint Forces

The hip joint is a very complex mechanism in the human body, which is responsible
for supporting body weight, movement, and stability of the body. Many forces are
applied to the hip joint during daily activities, such as body weight, ground reaction
force, muscle force, and ligament force.

Studies that have been conducted to analyze the forces in the complex hip joint
have helped to create simpler and more understandable diagrams that describe the most
dominant forces in the hip joint. In Figure 16, the loading of the hip joint is shown,
during a single-leg stance, using a simplified, two-dimensional analysis in the frontal
plane.

Before proceeding with the single-leg stance in Figure 16, the stance on both legs
should first be analyzed. When the body is supported by both legs, the center of gravity
is centered between the two hips and its force is evenly distributed over both hips. Under
these circumstances, the femoral heads bear an equal amount of the body’s weight less

the weight of both legs, and the resultant vectors of the forces are vertical [40].

‘Stance leg’ ‘Swing leg’

Figure 16: A two-dimensional analysis of the hip joint in a single-leg stance. Where
K is the body weight (without the weight-bearing leg), M is the abductor muscle
force, R is the joint reaction force, b is the abductor muscle moment arm, and a is
the body weight moment arm [40].

The effective center of gravity shifts away from the supporting leg when standing
on one leg because the non-supporting leg is now included in the body mass acting upon
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the weight-bearing hip. The body weight (K) and its moment arm (a), produce a
downward force that causes the femoral head to spin. The abductor muscles work to
resist/counteract this turning motion, offering stability. The abductor muscles achieve
this stability by also producing a torque on the femoral head. But because the moment
arm for the abductor muscles is shorter compared to the moment arm for the body
weight, the abductor muscles need to exert greater force, multiple of the body weight,
to counterbalance the body weight’s turning moment [40].

The moment arm ratio has a significant impact on the magnitude of the forces. The
moment arm ratio is a comparison between the two moment arms a and b. It provides a
measure of the mechanical advantage or disadvantage of the abductor muscles in
countering the moment created by the body weight force at the hip joint. When the
moment arm ratio is increased, it means that the moment arm for the abductor muscles
is shortened relative to the moment arm of the body weight force. As a result, an
increase in the moment arm ratio increases the force required from the abductor
muscles. This also means that the force acting on the head of the femur increases as the
abductor muscles work harder to stabilize the hip joint. Figure 17 depicts how the

moment arm ratio affects the force acting on the hip joint [40].

Times body weight
5 -
4 -

Moment arm ratio

Figure 17: Influence of moment arm ratio on the force acting on the hip joint [40].

The following equation can be used to determine the abductor force (M) given the
individual’s weight (K), the moment arm for body weight (a), and the moment arm for

the abductor muscles (b):
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Equation 1: Equation for calculating the abductor force on the hip joint [41]
(edited).
2.2 Strain Distribution of the Femur Using Cadaveric Specimens
A very valuable way to analyze the distribution of strains on the femur is by using
cadaveric specimens. The use of cadaveric samples provides many advantages such as:

e Realistic Biomechanical Depiction — In comparison to simplified
composite models, cadaveric bones offer a more accurate depiction of the
mechanical characteristics and behavior of human bones.

e Accurate Boundary Conditions — Applying precise and patient-specific
boundary conditions is possible using cadaveric bones. Engineers can more
accurately simulate in vivo conditions by anchoring the bone in suitable
stress equipment. This enables a better comprehension of the femur’s stress
distribution and reaction in a particular physiological condition.

e Validation of Simulation Models — It is possible to validate and enhance
finite element models by using cadaveric bones. Engineers can evaluate the
precision and dependability of their computational models by comparing

experimental data from cadaveric testing with numerical simulations.

There are other benefits as well, such as surgical planning and ethical
considerations, the analysis of which is beyond the scope of this study. Nevertheless,
from an engineer’s perspective, the focus is on the three mentioned above.

An excellent study of the analysis of strain distribution on the femur using
cadaveric specimens has been conducted by Yekutiel Katz et al. In this study, five fresh
frozen femurs were included. A three-dimensional DIC , and 17 stain gauges were used
to map the strains on the femurs.

Figure 18 shows the femurs and the strain gauge locations. PMMA was used to
embed the femurs inside a steel cylinder. Femurs were installed in a custom-made jig
with little lateral friction and loaded up to 1.500N in stance position at 0,5 mm/min
under a 7-degree tilt (Figure 19). The specimen FFB3L had strain gauges attached only
at the diaphysis, and the rest of the specimens had strain gauges attached on the
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diaphysis as well as on the neck. Specimen FFI1L had no strain gauge attached to its
superior neck due to an osteophyte.

Figure 18: The five femurs embedded in a steel cylinder and the strain gauges’
locations on the femurs [42].

Neck‘imégin_g Shaft imaging

Figure 19: Two three-dimensional DIC systems (one for the diaphysis and one for
the neck) and the loading set-up [42] (edited).

The following graphs (Figure 20, Figure 21, Figure 22, Figure 23, and Figure 24)
present the strains on the bone as a function of the force applied to the femurs. The
value RMSE in the graphs stands for “Root Mean Square Error” and it is a commonly
used metric to evaluate the accuracy of a model or the agreement between measured
data and predicted values. In the following graphs, the RMSE is used as a measure of

the discrepancy between the two measurement techniques.
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Figure 20: Strain measurements for the specimen FFI1L [42] (edited).
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Figure 21: Strain measurements for the specimen FFI1R [42] (edited).
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Figure 22: Strain measurements for the specimen FFI2L [42] (edited).
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Figure 23: Strain measurements for the specimen FFI2R [42] (edited). The strain
gauge SG1 on the neck was damaged during the experiment and the measurements
were not available.
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Figure 24: Strain measurements for the specimen FFB3L [42] (edited).

According to the above graphs, the RMSE between DIC and SG is below 50 ps in
most cases, which shows that the measurements from DIC and SG are approximately
the same. The only poor measurements were those of strain gauge SG2 at the neck of
the specimen FFI1L. The authors explained that this happened due to the proximity of
this strain gauge to the edge of the DIC analysis region, there was significant noise in
the DIC strains. Additionally, in the same graph, it is noticeable a “jump” that leads one
to infer debonding.

A comparison of the strain fields derived from DIC measurements and FE
predictions was performed using the Robust Linear Regression statistical method, as it

appears in the following graphs (Figure 25, Figure 26, Figure 27, Figure 28, Figure

29).
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Figure 25: Comparison of the strain fields obtained from DIC measurements to FE

predictions for specimen FFI1L [42] (edited).
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Figure 26: Comparison of the strain fields obtained from DIC measurements to FE
predictions for specimen FFI1R [42] (edited).
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Figure 27: Comparison of the strain fields obtained from DIC measurements to FE
predictions for specimen FFI2L [42] (edited).
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Figure 28: Comparison of the strain fields obtained from DIC measurements to FE
predictions for specimen FFI2R [42] (edited).
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Figure 29: Comparison of the strain fields obtained from DIC measurements to FE
predictions for specimen FFB3L [42] (edited).

Strain measures the deformation or elongation of a material relative to its original
length or shape. It quantifies how much a material has been stretched or compressed.
In the graphs, positive values indicate tensile strains, while negative values indicate
compressive strains. According to the authors, the medial diaphysis and the neck have
the largest strain fields, which means they experience the most deformations when
pressure is applied to the femur. Thus, The whole experiment was conclusively
conducted for these regions.

For the superior neck surfaces the strain distribution for each cadaveric specimen
is shown in Figure 30, Figure 31, Figure 32, and Figure 33(except for the specimen
FFI1L due to osteophyte), deformations can be seen throughout the superior neck, with
the largest being at its edges (the point where the superior neck connects with the
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femoral head and the point where the superior neck connects with the greater
trochanter).
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Figure 30: Strain distribution at the superior neck of the specimen FFI1R [42]
(edited).
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Figure 31: Strain distribution at the superior neck of the specimen FFI2L [42]
(edited).
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Figure 32: Strain distribution at the superior neck of the specimen FFI2R [42]
(edited).
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Figure 33: Strain distribution at the superior neck of the specimen FFB3L [42]
(edited).

2.3 Strain Distribution of the Femur Using Numerical Simulations
Another valuable way to analyze the distribution of strains on the femur is by using
numerical simulations such as Finite Element Analysis (FEA). This technique involves
many advantages in comparison with the studies that use cadaveric or composite
specimens. Here are some of the advantages that FEA offers:
e Cost-Effectiveness — It can be costly and time-consuming to make
composite bones or conduct tests on cadaveric bones. FEA offers a more
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economical method because it does not require physical prototypes or
specimens, saving money on testing and material costs.

e Detailed Information — The distribution of strain and stress in the femur
may be precisely determined using FEA. Engineers can identify key areas,
analyze stress concentrations, and assess the impacts of various loading
scenarios. Due to physical measurements’ potential limitations or
understandable issues, this degree of detail is difficult to attain using only
experimental techniques.

¢ Infinite Design Customizations — Engineers can quickly adapt and
enhance their designs in response to FEA analysis findings. It is possible to
discover potential design flaws, make the necessary corrections, and then
assess the effects of these modifications on the stress distribution by
iteratively improving the model. This iterative technique can produce
designs for femurs that are more effective and reliable.

In a FEA of the human that was conducted by A. Latif Aghili, et al, the three-
dimensional human femur was constructed using the reverse engineering modeling
method. The geometry and shape of the femur were captured by a 3D-Laser scanner
DS-3040 (Laser Design Inc., CMM, US) [43].

The 3D model was then tested under three different forces, as shown in Figure 34,
and the strain distribution for each case is shown in Figure 35, Figure 36, and Figure 37
below.

(a) Single force. (b)  Full distributed vertical force. (c) Partial distributed vertical force.

Figure 34: The three different forces that the model was tested with [43] (edited).
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(a) Single loading.

Figure 35: Strains distribution during single force under loading of a 2500 N [43]
(edited).
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(c) Partial loading.

Figure 36: Strains distribution during partial force under loading of a 2500 N [43]
(edited).
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(b) Fullloading.

Figure 37: Strains distribution during full force under loading of a 2500 N [43]
(edited).

According to the strain distributions above, the inferior neck and the medial
diaphysis experience the biggest deformations during the loadings. Taking into
consideration the results from the cadaveric study that was analyzed in subsection 2.2.2,
the three-dimensional model that was created and the simulation were successful.

2.4 Strain Distribution of the Femur Using Composite Femur Models

A third valuable way to monitor the strains on the human femur is by using
composite femur models. The first composite bone models appeared in the late 1980s.
An epoxy-reinforced, braided glass sleeve encircled a stiff polyurethane foam core in
the first-generation models, which served as the first composite bone that was
biomechanically meaningful [44]. Other materials are used to manufacture composite
bones such as epoxy resin, carbon fiber, etc.

In experimental studies, the use of composite bones offers many advantages:

e Cost-Effectiveness — Compared to cadaveric specimens, composite femur
models are typically less expensive to make and get. The acquisition,
preservation, and storage of cadaveric specimens are necessary but can be
expensive and difficult.

e Durability — Comparatively to cadaveric specimens, which over time
experience natural tissue decomposition, composite femur models are more

resilient and less prone to degeneration. Composite models are long-term used
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for research because they may be preserved for long periods without
experiencing major changes in their mechanical characteristics.

e Flexibility in experimental design - Researchers can alter the geometry and
material characteristics of composite femur models to suit particular
experimental needs. This adaptability allows for the analysis of a variety of
situations, such as changing bone density, surgical procedures, or the
assessment of novel implant designs.

However, it is very important to evaluate the measurements obtained from
experiments with composite bone, comparing the results with those of cadaveric
studies, to be sure that the composite bone correctly represents the mechanical
properties of human bone.

An excellent study of mechanical validation of whole bone composite femur
models has been conducted by Luca Christofolini, Marco Viceconti, et al. In this study,
the mechanical behavior of composite femur models (Pacific Research Labs) was
compared to human fresh-frozen and dried-rehydrated specimens under different
loading conditions. The study included several tests such as the deflection under axial
load, the strain distribution under axial load, bending, and torsional stiffness [45].

The research demonstrated that they are identical to the population of human
femurs in terms of their axial bending and torsional stiffnesses, as well as the strain
distributions under load. Therefore, it is safe to conclude that the composite femur
model represents one human specimen [46].

In a more recent study that was conducted by Semi P. Vdénénen, et al, six fourth-
generation medium-sized composite femurs for Sawbones (Pacific Research
Laboratories, Inc., Vashon Island, WA, USA) were tested. The proximal components
were positioned in the center of a 50mm high, 50mm in diameter inside, and 3mm thick
aluminum cylinder. Epoxy was used to fill the cylinders and secure the shafts. The
bones were mechanically tested under axial compression until they broke. Usinga DIC
system, the displacements and the surface strains were captured [47]. In Figure 38, it
is presented the loading setup.

For five of the bones (B2-B6), the fractures occurred at the point where the neck
connects with the great trochanter (Figure 39), while the fracture of the sixth bone (B1)
occurred below the great trochanter (Figure 40).

Figure 41 displays the load-displacement curves for all six composite bones in

axial compression. Except for bone B4, which exhibited a higher stiffness and ultimate
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strength than the other bones, the load-displacement curves for the majority of the bones
displayed comparable behavior in the linear region. According to the graph, the load at
fracture ranged between 4954 (N) to 6747 (N).

Figure 42 presents the von Mises strains for all six bones at equal forces close to
the moment of fracture. The von Mises strains imply the combined effect of axial and
shear strains. According to the graphs, the biggest deformations occur in the neck and
in the diaphysis, which is the same as those of the cadaveric study and the finite element

analysis presented in subsections 2.2.2 and 2.2.3.

Figure 38: The loading set-up of the experiment [47] (edited).

Figure 39: Fracture locations of composite bones B2-B6 [47] (edited).
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Figure 40: Fracture locations of composite bone B1 [47] (edited).
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Figure 41: Load-displacement curves for all six composite bones in axial
compression [47] (edited).
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Figure 42: Von Mises strains for all six bones at equal forces close to the moment
of fracture [47] (edited).
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3. HIP IMPLANTS
Orthopedics has made great strides over the years, particularly in the area of hip

implants. The hip joint is a fundamental part of the musculoskeletal system and is
essential for both movement and stability. Hip implants are required to restore function
and improve patients’ quality of life because aging, trauma, and degenerative diseases
can all cause this vital joint to deteriorate.

This chapter explores the complex world of hip implants, highlighting various
elements that affect their mechanical performance, materials used in their manufacture,
manufacturing processes used, and evaluation tests carried out to guarantee their
dependability and longevity. Engineers and researchers working on the creation and use
of hip implants must have a thorough awareness of these crucial aspects.

In the first section of this chapter, are presented the mechanical characteristics of
the human femoral bone. For implants to accurately match the hip joint’s natural
biomechanics and provide optimal load distribution and long-term stability, it is
essential to understand the structural properties of the cortical and trabecular bone.

The components used to make hip implants are the subject of the next section. Each
material has unique qualities that affect the implant’s longevity, biocompatibility, and
resistance to wear, ranging from conventional metals like titanium and stainless steel to
cutting-edge materials like cobalt-chromium alloys and ceramic composites.

Following that, the manufacturing processes used to create hip implants are
investigated. Every technology, from traditional casting and machining methods to
more contemporary innovations such as additive manufacturing, poses specific benefits
and drawbacks. Engineers may design and create implants with exact geometry and
enhanced functionality by having a thorough understanding of these production
processes.

The last section focuses on the evaluation tests used to evaluate the mechanical
performance and dependability of hip implants. To ensure that the implant can endure
the rigors of everyday activities and prolonged use, stress testing, in particular, plays a
significant role in imitating the real-world circumstances faced by the implant within

the human body.
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3.1 Mechanical Properties of Human Femoral Bone
The bone tissue in the femur is divided into cortical and trabecular tissue. The

diaphysis of the femur consists of cortical tissue, while the metaphysis and epiphysis
(upper and lower parts) are mainly trabecular. The cortical tissue has a different porosity
and molecular structure than cancellous tissue. This indicates that each tissue has

different mechanical properties.

3.1.1 Cortical Bone
The porosity of cortical bone ranges from 5% to 15%, and it refers to the amount

of empty spaces or pores within the tissue. The cortical bone also presents anisotropic
material behavior, which means that its mechanical properties vary depending on the
direction in which the force is applied. In simpler words, the response of cortical bone
to external loads is not the same in all directions.

IpdApa! To apxeio mpoéheuong tng avadopdg dev Bpédnke. presents the elastic,
yield, and ultimate properties of human femoral cortical bone in longitudinal and
transverse directions, where it is observed that cortical bone has greater strength and
tensile/compressive moduli along its longitudinal direction than its radial and
circumferential directions [48].

Cortical bone displays a bilinear stress-strain response when force (tension or
compression) is applied along the longitudinal direction. Figure 43 presents the stress-
strain curve for cortical bone along the longitudinal direction. The graph presents the
yield and ultimate point as well. The pink area represents the elastic region whereas the
area in blue represents the plastic region.

When a material is subjected to increasing levels of stress, it initially deforms
elastically, meaning that it returns to its original shape once stresses are removed.
However, as the stress continues to increase, the material eventually reaches a point
where it starts to undergo plastic deformation. At this point the material experiences
permanent and non-reversible deformation. The point where the elastic changes to
plastic deformation is called the yield point. The ultimate point represents the highest
stress point on the stress-strain curve where the material fractures.

When the stress applied to cortical bone exceeds its yield point, the material
properties start to degrade (Figure 44). This means that the bone undergoes damage,
leading to changes in its mechanical properties. Cortical bone damage has also been
defined in terms of degeneration in the tissue’s microstructure and/or nanostructure,

commonly known as microdamage. These microdamages can contribute to bone
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fragility because they weaken the overall structure of the bone. However, interestingly,

they can also act as a strengthening mechanism . This means that the presence of

microdamages can enhance the bone’s ability to resist further damage. In vitro, studies

have shown that the presence of microdamage, especially in the form of linear

microcracks, can enhance the bone’s resistance to further crack growth [48].

Table 3: Elastic, yield and ultimate properties of human femoral cortical bone [48]
(edited). The values listed are from mechanical tests done on specimens with a

typical size of the order of one centimeter.
The indicators placed at the end of the values indicate the following:
[B] = From Reference [49], [C] 5 From Reference [50],
[D] = Circumferential Direction
[E] = Radial Direction
[F] = Calculated using 0.2% offset

Longitudinal Direction

_ 17,900 + 3,900 [B]
Elastic modulus (MPa)

18,160 + 1,880 [C]

Poisson’s ratio 0.62 £0.26 [B]
Tensile yield stress (MPa) 71.56 +£10.19 [C, F]
Tensile yield strain (%) 0.67 +£0.04 [C, F]

o 135+ 15.6 [B]
Tensile ultimate stress (MPa)

92.95 + 10.07 [C]

Tensile ultimate strain (%) 1.9+0.6 [C]
Compressive yield stress (MPa) 115.06 £16.36 [C, F]
Compressive yield strain (%) 0.98 £0.09 [C, F]

205+ 17.3 [B]
Compressive ultimate stress (MPa)

153.59 +21.63 [C]

Compressive ultimate strain (%) 1.3+0.3[C]

3,300 =400 [C]
Shear modulus (MPa)

6,070 + 570 [C]

Shear yield stress (MPa) 40.95+5.16 [C, F]

Shear yield strain (%) 0.87+0.04 [C, F]
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Shear ultimate stress (MPa)

65+ 4.0 [B]

46.31 £ 5.82 [C]

Transverse Direction

Elastic modulus (MPa)

10,100 £ 2,400 [B]

5,650 + 1,610 [D]

6,490 + 3,220 [E]

Poisson’s ratio

0.62 +0.26 [B]

Tensile ultimate stress (MPa)

53 +10.7 [B]

Compressive yield stress (Mpa)

41.8+19.4 [D]

44.1+21.1 [E]

Compressive yield strain (%)

0.83 +0.42 [D]

0.84 + 0.23 [E]

Compressive ultimate stress (Mpa)

131 +20.7 [B]

65.2 + 13.8 [D]

63.1 =20.7 [E]
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Figure 43: Stress-strain curve for cortical bone tested along the longitudinal
direction [48] (edited).
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Figure 44: Stress-strain curve for cortical bone along the longitudinal direction. A
load-unload-reload test. The dashed lines indicate the perfect damage modulus,
which is the secant modulus at the point at which the initial loading ramp is

reversed to begin unloading [48] (edited).

Examples of how microdamages look in cortical bone are shown in Figure 45,
Figure 46, Figure 47, and Figure 48. The first two figures (Figure 45, Figure 46) present
linear microcracks in the human vertebrae that were acquired using bright-field
microscopy and laser scanning confocal microscopy, respectively, and the other two
figures (Figure 47, Figure 48) present diffuse damage in human vertebrae that were
acquired using bright-field microscopy and laser scanning confocal microscopy,
respectively [48].

Cortical bone can fracture due to repetitive or excessive loads. The fracture
toughness of cortical bone is anisotropic and influenced by intrinsic and extrinsic
toughening mechanisms. The preferential alignment of osteons (the structural units of
cortical bone) contributes to the anisotropic fracture toughness, with crack bridging
being an important toughening mechanism (Figure 49, Figure 50). Cortical bone also

shows better resistance to fatigue failure in compression compared to tension [48].
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Figure 45: Linear Microcrack — Bright Field Microscopy [48] (edited).

Figure 46: Linear Microcrack —Laser Scanning Confocal Microscopy [48] (edited).
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Figure 47: Diffuse Damage — Bright Field Microscopy [48] (edited).

Figure 48: Diffuse Damage — Laser Scanning Confocal Microscopy [48] (edited).
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Figure 49: Crack propagation starting from a notch indicated by the red arrow. The
yellow arrows represent the uncracked ligament bridging which is one of the
processes used in cortical bone to strengthen it [48] (edited).

Figure 50: Crack propagation starting from a notch indicated by the red arrow. The
black arrow shows the crack deflection which is one of the cortical bone’s

toughening mechanisms [48] (edited).

3.1.2 Trabecular Bone
The trabecular bone has anisotropic mechanical properties and is a highly porous

material (40% to 95% porosity). The apparent-level mechanical characteristics of
trabecular bone are principally influenced by its increased porosity compared to cortical

bone.
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Similar to cortical bone, trabecular bone is stronger in compression than tension
and weakest in shear, however, these distinctions become less significant as apparent
density decreases. The stress-strain curve of trabecular bone does not show a well-
defined yield point (Figure 51) as in cortical bone. Trabecular bone is often treated as
a linear elastic material. This means that it is assumed to exhibit linear stress-strain
behavior within a certain strain range, as Figure 51 shows. To determine the elastic
modulus of trabecular bone, a linear or polynomial function is fitted in the low-strain
region, where the material also behaves approximately linearly. The slope of this curve

represents the elastic modulus of the trabecular bone.
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Figure 51: Stress-strain curve for trabecular bone tested along the principal
direction [48] (edited).

The 0.2% offset method is used to determine the yield point, which indicates the
onset of permanent deformation, as was explained in the previous section for the
cortical bone. Specifically, a line is drawn parallel to the linear, elastic region of the
stress-strain curve, but displaced horizontally by a distance equal to 0.2% of the strain.
The point at which this line intersects the stress-strain curve is considered the
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approximate yield point. Figure 52, also shows the load-unload-reload test for

trabecular bone.
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Figure 52: Stress-strain curve for trabecular bone along the principal direction. A
load-unload-reload test. The dashed lines indicate the perfect damage modulus,
which is the secant modulus at the point at which the initial loading ramp is
reversed to begin unloading [48] (edited).

Overloading of trabecular bone causes microcracking and damage to the
trabeculae. The orientation and local thickness of trabeculae play a part in the
propagation of damage and yielding, which are both impacted by the anisotropic nature

of the trabecular bone. Figure 53, presents the crack propagation in the trabecular bone.
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Figure 53: Crack propagation in trabecular bone [48] (edited).

3.1.3 Insights and Concluding Remarks
Based on the previous subsections, the overall behavior of the bone’s material is

anisotropic. This means that the bone exhibits different mechanical properties
depending on the direction in which the forces are applied. Its ability to resist cracking
and further damage was also demonstrated, which is very impressive.

It is the complex behavior and properties of bone that make it suitable for absorbing
cyclic loads during activities of daily living, such as walking, running, and other weight-
bearing movements (speaking specifically about the human femur).

At the same time, this is a challenge in terms of producing and manufacturing
materials and implants that represent these exact mechanical properties. Nevertheless,
in the modern era, the field of biomaterials and artificial implants is considered very
advanced, regarding the representation of the mechanical properties of the bone,
providing a long-term and quality life to the patients.

The development of the production of implants is certainly based on conducting
experiments that evaluate their quality and reliability, using biomechanical sensors and
optical methods. This requires knowledge of the mechanical properties of bone, to

conduct complete and correct experimental procedures.

3.2 Biomaterials
Orthopedic biomaterials are incredibly effective at giving millions of people each

year their mobility and quality of life back. Orthopedic biomaterials have been a
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resounding success on the global market, with sales of these materials reaching over 24
billion dollars in 2007 and expected annual growth rates of 7-9%. Spending on
biomaterials for knee and hip joint replacements totaled 10 billion dollars in 2007.

In general, only materials that can sustain cyclic load-bearing applications are
suitable for use as orthopedic biomaterials. Even though metals, polymers, and
ceramics are used in orthopedics, metals have remained the only material type that has
consistently provided the right material properties over time, including high strength,
ductility, fracture toughness, hardness, corrosion resistance, formability, and
biocompatibility, which are essential for the majority of loadbearing roles in total joint
arthroplasty [51].

3.2.1 Polymers
Polymers are most frequently employed as the articulating bearing surfaces of joint

replacements and as an interpositional cement between the implant surface and bone.

When they are used as articulated surfaces, they must have a low coefficient of
friction, and low wear rates when they come into contact with the opposing surface,
which is often constructed of metal. Figure 54, presents an articulated surface implant
made of a polymer, which is placed between the acetabular cup and the head of the
femoral stem (Figure 55).

Polymers have specific mechanical properties and are capable of being shaped and
hardened inside the body. For this reason, they can be used as a means of connecting
the implant component and the bone tissue. The first polymer used for this purpose was
called polymethylmethacrylate (PMMA), which was borrowed from the field of
dentistry. PMMA became popular thanks to the work of Charnley.

In general, when it comes to polymers used in orthopedics, certain mechanical
properties are crucial. These properties include yield stress (the point where
deformation sets in), creep resistance (ability to withstand long-term stress), and wear
rate (how much it wears down over time). These properties are influenced by factors
like the structure of the polymer’s molecular chains, the molecular weight, and whether
chains are branched or linear [51].
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Figure 54: Articulated surface implant component made of a polymer. Its purpose
is to create good adhesion between the acetabular cup and the head of the femoral
stem [51] (edited).

Figure 55: Examples of three types of bearing couples used in modern total hip
arthroplasty. 1) metal-on-polymer. 2) ceramic-on-ceramic 3) metal-on-metal [51]
(edited).
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3.2.2 Ceramics
Ceramics have become more and more significant in implants during the past few

years. They are largely biocompatible due to their chemical stability and ionic
connections. In 2003, the FDA granted its initial approval for the first ceramic-on-
ceramic hip implant. Although ceramic implants have been used for a long time ago.
The greater wear resistance of ceramics is one of the benefits over metal-metal and
meta-polymer implants. They also have enhanced properties like high rigidity, reduced
friction, and resistance to further oxidation.

Additionally, the two main bulk parameters governing the mechanical properties
of ceramics are the tiny grain size and density. Any voids in the body of ceramic will
raise stress and deteriorate its mechanical properties. The extent of the internal strains
brought on by cooling-induced thermal contractions is determined by grain size. Such
thermal contraction stresses are crucial in ceramics because they cannot be eliminated
through plastic deformation as they can in ductile materials.

Orthopedic THA has been using alumina and zirconia ceramics for many years.
Pierre Boutin implanted the first couple (alumina-alumina) in 1970 [51]. The second

implant (2) in Figure 55 presents a ceramic-on-ceramic implant.

3.2.3 Metals
Modern total hip arthroplasties continue to use metals as their primary material.

Metals offer the right material properties, including high strength, ductility, fracture
toughness, hardness, corrosion resistance, formability, and biocompatibility required
for usage in load-bearing roles required in total joint arthroplasties. The metals are much
stronger and stiffer than bone tissue. However, in some cases, fatigue failures occurred
due to size and design limitations [51].

In orthopedics, and especially in total joint replacement, there are three main metal
alloys:

1) Titanium-based alloys

2) Cobalt-based alloys

3) lIron-(stainless steel) based alloys

The choice of alloy for a specific application or implant component is usually based

on its strength, flexibility, and hardness. However, the primary reason for the

widespread use of all three alloys as load-bearing implant materials is their

excellent corrosion resistance [51].
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Stainless Steel Alloys

In orthopedics, the first metals utilized were stainless steel in 1926. Iron and carbon
are the two main components of steels, and they occasionally also include chromium,
nickel, and molybdenum. There are additional traces of manganese, phosphorus, sulfur,
and silicon. Through modifications to the steel’s microstructure, carbon, and the other
alloying elements influence the material’s mechanical properties. Stainless steels do
have greater ductility, as evidenced quantitatively by a three-fold greater “percentage
of elongation at fracture” when compared to other implant metals, despite having
mechanical properties that are generally less desirable than those of the other implant
alloys (lower strength and corrosion resistance).

Cobalt-Chromium Alloys

Out of the many available Cobalt-Chromium alloys, there are two mainly used as
implant materials:

1) Cobalt-Chromium-Molybdenum (CoCrMo)

2) Cobalt-Nickel-Chromium-Molybdenum (CoNiCrMo)

There are also other cobalt alloys approved for implants, including one that
contains tungsten (CoCrNiW) and another with iron (CoNiCrMoWFe). Cobalt-Nickel-
Chromium-Molybdenum alloys, with high nickel content (25-37%) promise improved
corrosion resistance, but they also raise questions about potential nickel release toxicity
and/or immunogenic reactivity. Because cobalt alloys are prone to work-hardening at

room temperature, they are often cast into their final shape [51].

Titanium Alloys

In the mid-1940s, titanium alloys were developed for the aviation industry and
were later used in orthopedics. While commercially pure titanium (CPTi) has better
corrosion resistance and ductility than titanium alloys, joint replacement components
are made of Ti alloys (specifically Ti-6Al-4V) due to their superior mechanical
properties. Ti alloys are especially suitable for hip replacement components because
they have higher corrosion resistance compared to stainless steel and Co-Cr-Mo.
Generally, Ti-6Al-4V surpasses stainless steel in mechanical properties, with a lower

flexural rigidity, and is closer to the bone in terms of torsional and axial stiffness. This
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means that Ti alloys theoretically cause less stress shielding than cobalt and steel alloys.
However, titanium alloys are particularly sensitive to certain geometric factors,
especially notch sensitivity. This reduces the effective strength of a component by
making it more prone to cracks initiating and spreading throughout the material.
Therefore, both the design geometry and fabrication of Ti alloy components need to be
carefully considered.

One significant drawback of Ti alloys is their relative softness compared to Co-Cr-
Mo alloys, along with their poorer wear and frictional properties. Ti-6Al-4V is over
15% softer than Co-Cr-Mo alloy and tends to experience more wear when used in
applications involving articulation, such as total knee arthroplasty or hip replacement
femoral heads. As a result, Ti alloys are rarely used in situations where hardness or

resistance to wear is the primary concern [51].

3.2.4 Synopsis of Orthopedic Biomaterials’ Mechanical Properties
In the previous subsections, they presented in short brief the three most dominant

biomaterials in the market. These materials have different mechanical properties and
for this reason, they are used in different cases. The following table (Table 5: The
mechanical properties of the most dominant biomaterials in the market compared to
those of cortical bone. The mechanical properties of cortical bone are generalized due
to its anisotropic material behavior, as was analyzed in subsection 3.1.1. ASTM stands
for American Society for Testing and Materials. Where (C) and (T) compression and
tension respectively [51] (edited).) shows the most common uses of these materials in
orthopedics.

Table 6, contains the mechanical properties of all the categories of materials that
were analyzed in the previous subsections. The main purpose of the long bones in the
lower body is to support weight as load-bearing structures, meaning they are constantly
subjected to loads [51]. It is observed that the metals have higher hardness, fatigue
strength, and yield strength, compared to the ceramics and polymers, therefore they are
suitable to be used as total joint replacement components, according to Table 6.

The very low friction of ceramics makes them suitable for use as load-bearing
surfaces in total joint arthroplasty (Table 5: The mechanical properties of the most
dominant biomaterials in the market compared to those of cortical bone. The
mechanical properties of cortical bone are generalized due to its anisotropic material

behavior, as was analyzed in subsection 3.1.1. ASTM stands for American Society for
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Testing and Materials. Where (C) and (T) compression and tension respectively [51]
(edited).), for example, acetabular cups and femoral heads.

The polymers can be shaped and hardened inside the body, thus they can be used
as low friction inserts for bearing surfaces in total joint arthroplasty, as it was presented
in subsection 3.2.1, or as bone cement for the connection of implant and the bone tissue
(Table 5: The mechanical properties of the most dominant biomaterials in the market
compared to those of cortical bone. The mechanical properties of cortical bone are
generalized due to its anisotropic material behavior, as was analyzed in subsection
3.1.1. ASTM stands for American Society for Testing and Materials. Where (C) and (T)
compression and tension respectively [51] (edited).).

Table 4: Primary use of the most dominant biomaterials in the market [51] (edited).
MATERIAL PRIMARY USE
Metals

) ) Plates, screws, TJA components (non-
Ti alloy (Ti-6%Al-4%V) ]
bearing surface)

Co-Cr-Mo alloy TJA components

) TJA components, screws, plates,
Stainless steel

cabling
Polymers
Polymethylmethacrylate (PMMA) Bone cement
Ultra-high molecular weight Low friction inserts for bearing surfaces
polyethylene (UHMWPE) in TIA
Ceramics
Alumina (Al,05) Bearing surface TJA components
Zirconia (Zr0,) Bearing surface TJA components

Table 5: The mechanical properties of the most dominant biomaterials in the
market compared to those of cortical bone. The mechanical properties of cortical
bone are generalized due to its anisotropic material behavior, as was analyzed in
subsection 3.1.1. ASTM stands for American Society for Testing and Materials.

Where (C) and (T) compression and tension respectively [51] (edited).
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_ Elastic Yield _ _
Orthopedic ASTM Ultimate Fatigue Strength
_ _ _ ] Modulus Strength
Biomaterial | Designation Strength (Gpa) (Mpa)
(Gpa) (Gpa)
Cortical Bone
Low Strain - 15.2 114 (T) 150 (C) /90 (T) 30-45
High Strain - 40.8 - 400 (C) /270 (T) -
Polymers
UHMWPE - 0.5-1.3 20-30 30-40 (T) 13-20
PMMA - 1.8-3.3 35-70 38-80 (T) 19-39
Metals
Stainless Steel | ASTM F138 190 792 930 (T) 241-820
Co-Cr Alloys
ASTM F75 210-253 448-841 655-1277 (T) 207-950
ASTM F90 210 448-1606 1896 (T) 586-1220
ASTM F562 | 200-230 300-2000 800-2068 (T) 340-520
ASTM 1537 | 200-300 960 1300 (T) 200-300
Ti Alloys
CPTi ASTM F67 110 485 760 (T) 300
Ti-6Al-4V ASTM 136 116 897-1034 965-1103 (T) 310

3.3 Design Requirements for Hip Implants
The implant design process is extremely important to the success of total hip

arthroplasty and includes various requirements for the geometry, the physical

dimensions, and the material of the implant. For example, studies have shown that the

geometry and the length of the femoral stem’s neck affect the fatigue strength of the

implant [52]. Also, the length of the implant affects the load transfer and the shape of
the implant changes the distribution of strains [46], [53], [54].
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At the same time, great attention should be paid to the material that will be used
for the construction of the implant, because it is a very important factor in determining
the stress-shielding [46], [54]. Stress shielding can have positive and negative effects
at the same time. On the one hand, the implant’s material usually is stiffer than the bone
tissue, thus a large fraction of the load is carried by the implant decreasing the amount
of pressure that is transferred to the bone tissue. As a result, the bone tissue is protected
in the presence of excessive loads. On the other hand, because the bone receives less
stress, atrophy, and weakening of the bone tissue can occur, resulting in implant failure
due to loosening.

More specific requirements about hip implant design are:

1) The materials that are used to manufacture hip implants, need to have high
biocompatibility with tissues and bone, sufficient mechanical strength, low
friction and high wear resistance, and fracture toughness [55].

2) The design of the implants needs to have a sufficient range of motion to cover
patients’ daily movements, such as standing/sitting, etc. [55].

3) The hip implant must have the ability to withstand multiple and complex
stresses that occur during movements (climbing stairs, etc.) [55].

4) The most important requirement for hip implants is their evaluation. All
implants designed and manufactured, no matter how well adapted to the above
requirements are, should always be evaluated using various tests, before being
used. Such tests may include monitoring their strains under load using
biomechanical sensors (strain gauges, Fiber Bragg Grating Sensors, etc.),

optical methods (digital image correlation), and/or even numerical simulations.

3.4 Manufacturing Techniques of Hip Implants
Hip implants as well as some certain artificial parts for biomedical applications

have a significant impact on the quality of life of patients with hip joint diseases or
injuries. Many manufacturing techniques can guarantee accuracy, longevity, and
patient-specific personalization which are necessary factors for the long-term results of
total hip arthroplasty.

There are several manufacturing techniques for hip implants and medical objects,
which are divided into two categories, “Casting” and “Powder Metallurgy”, as will be
presented below. The choice of technique when it comes to the manufacture of an

implant is determined according to the type and shape of the implant, the material that
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IS going to be used, and the desired biomechanical outcome. The “Powder Metallurgy”

category is also divided into two other subcategories “Conventional Processes” and

“Additive Manufacturing”.

In particular, nowadays, techniques involving additive manufacturing have taken

the center of attention in the implant industry as they offer more advantages than casting

techniques.

In the following table (2pdApa! To apxeio npoéhevong thg avadopdg Sev BpéOnke.),

the techniques belonging to each of the two categories mentioned above are presented.

Some of these techniques that are mentioned in the table are analyzed below with

information and explanations about their procedure.

Table 6: Manufacturing techniques for implants and medical components [56]

(edited).

MANUFACTURING TECHNIQUES

CASTING POWDER METALLURGY
Vacuum Arc Remelting
CONVENTIONAL PROCESSES | ADDITIVE MANUFACTURING
(VAR)
Vacuum Induction Melting _ o _ o
VIM) Conventional Sintering (CS) Selective Laser Sintering (SLS)

Electron Beam Melting
(EBM)

Self-propagating High Temperature
Synthesis (SHS)

Selective Laser Melting (SLM)

Hot Isostatic Pressing (HIP)

Laser Engineered Net Shaping
(LENS)

Spark Plasma Sintering (SPS)

Electron Beam Melting (EBM)

Metal Injection Molding (MIM)
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3.4.1 Casting

The casting procedures are fundamental methods that support the production of
custom components for a range of applications in the field of biomechanics. Casting
procedures involve pouring molten metal into molds to create specific shapes and forms
as the metal solidifies. Some of the casting techniques are VAR and VIM and they are
used to process materials especially metal alloys to satisfy demanding specifications.
3.4.1.1 Vacuum Induction Melting

The procedure is carried out in a chamber under a vacuum or an inert gas
atmosphere to reduce the chances of contamination. An induction coil is located inside
the vacuum chamber and is typically wound around a crucible that contains the
processing material. The crucible is typically made of graphite due to easy handling,
inexpensiveness, and high melting point (similar to that of diamond, approximately
3600 °C). Alternating current flows through the coil when an AC power supply
connects to its edges. The alternating current causes periodic changes in the magnetic
field of the coil. The changing magnetic field penetrates the processing material and
generates electric currents within the material. These electric currents are also called
eddy currents. As they circulate inside the material, they encounter resistance and this
resistance leads to the conversion of electrical energy into heat. The material is then
melted and poured into the mold [56], [57], [58], [59]. Figure (Figure 56) shows a setup
for VIM processing of NiTi (Nitinol, a shape memory alloy). However, some materials
and alloys that are processed by this technique (like NiTi — a shape memory alloy) are
not acceptable for medical applications and they need further processing, like hot

working, surface treatments, machining, etc.
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Figure 56: Lab equipment setup for VIM processing of NiTi (Nitinol). (1) A
crucible made of graphite — (2) Titanium rods — (3) Nickel pellets — (4) Isolation —
(5) a coil made of copper —(6) a mold with the desirable shape of the processing
material that is wanted [56] (edited).

3.4.1.2 Vacuum Arc Remelting

The VAR technique is implemented in a vacuum chamber or an inert gas
atmosphere like the VIM technique. The use of a crucible is not necessary for this
process. It is divided into two categories based on the type of electrode used. The first
category includes a non-consumable electrode that does not melt during the process.
The second category includes a consumable electrode, which is made of the same
material that is to be melted and processed. The procedure is as follows:
The materials to be processed are fitted onto a conductive hearth, which also often
represents the mold (usually the hearth is made of copper). The electrode is then placed
over the hearth and the materials. A high voltage is applied between the electrode tip
and the conductive hearth. This voltage creates a strong electric field in the gap between
the electrode and the hearth, producing an electric arc. The electric arc generates heat
and the material melts. In the case where a consumable electrode is used, the electrode
slowly melts over time and mixes with the rest of the material. At the end of the process,
the material is turned over and the whole process is performed again from the
beginning. This procedure can be repeated several times. The reason for this is that a
single application of the technique does not create a homogeneous material and the

process needs to be repeated [56], [60]. A schematic of a vacuum arc remelting unit is
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shown in Figure (Figure 57) below. Materials and alloys processed by the VAR
technique require further processing like the VIM technique.

Drive System

l«——— Stinger
Vacuum Seal

Stub

Electrode

Vacuum Pump Furnace Housing

-«+— O Ring Seal

—» Water

Arc -«— Water Jacket

—— Molten Pool
«—— Copper Mold
—— Ingot

Figure 57: Schematic of a vacuum arc remelting unit [61] (edited).

3.4.2 Powder Metallurgy

In contrast to casting techniques, powder metallurgy involves the processing of
powders from metals and alloys. The production of powders can be done by many rapid
solidification (RP) techniques such as atomization (water, gas, plasma) and rotating
electrodes. They can also be used different ways than rapid solidification techniques
such as chemical reactions to produce metal and alloy powders. The process of powder
metallurgy allows materials to attain more elevated alloy compositions without
experiencing the issue of segregation [56].

A special category of powder metallurgy contains Additive Manufacturing
technologies, the most advanced and widespread techniques nowadays. Additive
Manufacturing (AM), also known as Rapid Prototyping (RP), is the process of creating
an object layer-by-layer. They require a three-dimensional computer-aided design that
describes the geometry and the exact dimensions of the object. Because of this layer-
by-layer technology, AM techniques can create objects with very complex shapes and
geometries without needing any other assistance (like cutting tools, etc.). They also can
control the percentage of porosity within the components that are manufactured, as a
result, heavy metals or alloys that have double the weight of cortical tissue (for example

titanium) can be used to produce biomedical implants. The implant is necessary to
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weigh approximately the same as the bone tissue that is going to be replaced, that’s why
the metal/alloy implants must have high percentages of porosity [56].

In general, the implants that are manufactured with AM techniques have shown
superior mechanical properties than those that have been made by casting techniques.
Implants can meet the desired mechanical behavior similar to that of cortical bone,
eliminating the effect of stress-shielding and acquiring long-term results [56].

3.4.2.1 Conventional Sintering (CS)
In this technique, at first, mechanical pressure is used to compact metal or alloy

powders into the appropriate shape. A loosely held-together arrangement of particles
called a “green” compact, which resembles the ultimate shape of the object, is created
during this compacting process. The term “green” in powder metallurgy declares that it
“is not yet fully processed” [62]. Next, the green compact is heated to a temperature
that is below the material’s melting point but high enough for atomic diffusion to take
place. During the heating phase, the particles start to bond together as atoms move
across the particle surfaces and form interparticle bonds, resulting in a solid structure.
After the bonding, the material is left to cool down.

The conventional sintering method has a downside in that it requires long periods
for the heating phase to be completed. Additionally, this method has limitations when
it comes to shaping the samples and controlling the size of pores within the material
[56].

However, the conventional sintering technique offers many advantages. For
instance, low-cost production of components can be applied to a diverse range of

materials and eliminates the need for further processing [56].

3.4.2.2 Hot Isostatic Pressing (HIP)

The HIP technique is similar to that of conventional sintering with the only
difference being the extra pressure that is applied during the implementation of this
technique. The process is the same as conventional sintering. A green compact is first
created by metal or alloy powders using mechanical pressure and then heated to a
temperature that does not exceed the melting point but is high enough to cause atomic
diffusion. At the same time, high pressure is applied to the compact eliminating the
voids/pores within the material. This results in a denser component with good

mechanical properties [56], [63].
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3.4.2.3 Selective Laser Sintering (SLS)

SLS is a well-known additive manufacturing or 3D printing process that involves
layer-by-layer selective sintering of powdered material, using a high-powered laser.
The construction of a 3D model of the desired object is the first step in the process.
CAD software is frequently used to create 3D models. The setup of SLS has two
chambers. The first one contains the powder while the second one is initially empty and
is called the “bed”. Above the chambers, there is a component called the “roller” that
spreads uniformly the powder on the “bed”. There are two components at the top of the
system, a laser and a computer-controlled scanning system that monitors the laser’s
energy. Before the process begins, both of the chambers are preheated. The first layer
of powder is spread by the “roller” on the “bed”, then the laser sinters the powder
making all particles bond with each other, creating a solid layer. Next the “bed”
descends to a predetermined depth, the “roller” spreads the next layer and the process
starts over. This keeps going on until the object is fully constructed. A schematic
diagram of the SLS components is presented in Figure (Figure 58).

Despite its fast production of very complex geometrical objects, SLS is a very
expensive technique due to the high-powered laser that it uses. It is also limited to the
type of material used, which must always be in powder form, and the surface of the

finished material needs further processing (e.g. polished) [56], [64].

Laser Scanner System

Powder Bed

Product

Powder Delivery
Piston

Fabrication
Piston

Figure 58: Schematic diagram of the SLS system [56] (edited).

3.4.2.4 Laser Engineered Net Shaping

The LENS technique uses a laser to melt and fuse metal powders layer by layer to
create metal components. The process begins with the construction of a 3D computer-
aided design (CAD) as all the AM techniques do. Two nozzles at the lateral sides of the

laser deliver a specific amount of powder to the build area. A thin layer of powder is
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spread over the work surface and the laser beam is directed onto the powder. The heat
generated by the laser melts the powder particles, causing them to fuse. The process
repeats until the object is fully constructed. An inert gas is also used to shield the
melting material from oxygen. It can produce components with high density with good
mechanical properties. However, it is not cost-effective as it requires a lot of energy
[56]. Figure (Figure 59) presents the schematic diagram of a LENS system.

Shield Gas
Laser Beam

Focus Lens Noazle

Powder Stream “" 2 Melt Pool

Workpiece .|r|||ml||||

AN AT’X

Substrate

Figure 59: Schematic diagram of a LENS system [56] (edited).
3.5 Stress-Shielding Effect

Bone tissue is a piezoelectric material, which generates electrical charges when
mechanical pressure is applied to it. There is a special cell called osteoblast that is found
in bone tissue. Osteoblasts are responsible for bone growth and remodeling [65]. The
osteoblasts are stimulated by the generated electrical charges and they improve bone
formation [66], [67]. Additionally, many studies have been conducted to examine the
piezoelectric effect (PE), which has shown that it enhances the growth of bone tissue
and at the same time reduces its resorption [68].

Stress-shielding effect (SSE) is one of the most challenging problems in total hip
arthroplasty and influences the frequency of the piezoelectric effect’s occurrence in
bone tissue. Here is how the stress-shielding effect is connected with the PE:

As was mentioned in subsection 3.2, metals are the most commonly used materials
in total hip arthroplasty, because they exhibit good mechanical properties, thus, they
can sustain cyclic load-bearing applications.

However, according to spdApal To apyeio mpoéheuong tng avadopdg Sev Bpédnke.,
the metals exhibit much higher Young’s modulus (stiffness) than the bone tissue.

Specifically, the Young’s modulus of cortical and trabecular bone ranges from 3 to 30
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GPa and 0.02 to 2 GPa, respectively [69]. A key principle of solid mechanics is that
when two materials join, the one with the higher stiffness carries most of the load [70],
meaning that implants made of metals can cause load distribution problems in total hip
arthroplasty. Therefore, because the implant receives the greatest load, not enough
pressure is transferred to the bone tissue (stress-shielding) to activate the piezoelectric
effect and thus the osteoblasts are not stimulated as much as they should be.

The appearance of the phenomenon of stress-shielding for a long time can cause

bone atrophy, which can further lead to implant failure.

3.5.1 Factors that Promote the Stress-Shielding Phenomenon

Above, it was mentioned that the large difference in stiffness between a metal
implant and bone tissue leads to the phenomenon of stress-shielding. Nevertheless, the
interplay of various factors within this context can trigger the occurrence of stress-
shielding, potentially giving rise to serious clinical complications. The following table
provides an overview of these contributing factors, setting the stage for a subsequent
analysis of the specific outcomes they can precipitate. By exploring these factors, we
can gain a deeper understanding of the intricacies involved in stress-shielding and its

impact on the integrity and longevity of implant-bone systems.

Table 7: Factors Contributing to Stress-Shielding [70].

STRESS-SHIELDING FACTORS
FACTORS DESCRIPTION

As it was explained previously in this subsection, some
materials especially metals and their alloys exhibit very high
Implants’ materials Young’s modulus, affecting the load distribution in the
femur and causing stress-shielding effects that lead to bone

atrophy.

The metaphyseal filling, in the context of an implant, refers

. to the extent to which the implant extends into the
Metaphyseal filling ) _
) _ metaphyseal region of the femur. These very long implants
and implant size
cover a very large area of the bone, as a result, they bear the

most load leading to stress-shielding effects. In a few words,
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greater stem size leads to an escalation in bone resorption
[70].

Porous coating is usually applied to a small area of an

implant, promoting bone ingrowth and integration, which
) helps to transfer loads more effectively from the implant to
Porous coating level _ )
the bone. However, if the porous coating covers a very large
surface on the implant (extensive porous coating) can alter

the load distribution leading to stress-shielding effect.

The connection between the implant and the bone is crucial.
The bone-implant If this interface lacks stability or proper integration, it can
interface lead to micromotions, and load distribution problems,

resulting in stress-shielding effect.

The geometry of the stems plays a crucial role because it
Geometry of determines how forces are transmitted and distributed
implants through the implant and into the bone. An inappropriate stem

design can lead to stress-shielding effect.

Some complications and problems created by stress-shielding are:

The reduction in bone strength near the implant location elevates the likelihood of stem
loosening, periprosthetic fractures and may lead to avulsion fractures of prominent bone
structures such as the trochanters. Removing a firmly anchored implant from bone
significantly affected by stress-shielding presents technical complexities and could
potentially result in insufficient bone remaining to adequately support a replacement
implant. Furthermore, stress-shielding has the potential to prompt a higher level of
intracortical porosity within the bone, rendering it more vulnerable to the infiltration of
tine wear particles. This infiltration, in turn, can worsen bone loss through a process
known as osteolysis. Consequently, bone subjected to stress-shielding may experience
reduced density and increased fragility, amplifying the risk of fractures and related
complications [69], [70].

3.5.2 Managing Stress-Shielding
Based on the above, the following should be done to reduce/prevent the SSE :
1) Manufacturing Specifications — Addressing the problem begins at the very start of

the total hip arthroplasty process, which is the manufacture of the implants. The
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implants must have specific characteristics, which will prevent the appearance of the
stress-shielding effect.

2) Evaluation — Beyond the specific characteristics of the implants, their mechanical
behavior should be evaluated, through various numerical simulations and in vitro tests.
3) Detection — Despite the careful construction and mechanical evaluation of the
implants, after their placement, the health of the surrounding bone tissue should be

gradually checked to detect any problem.

3.5.2.1 Manufacturing Specifications
For the manufacture of implants, attention should be paid to their geometry, their

material, their size, and their contact surface with the bone. Furthermore, if the implant
is heavier than the bone tissue that was removed, it must be adjusted to ensure an
equivalent weight, without of course reducing its volume. One way to achieve this
objective is by controlling the percentage of porosity within the material, using additive
manufacturing techniques, as mentioned in the previous section. The porosity connects
with the mass (Weight) as follows:

e Porosity (p) is a measure of the amount of voids, pores, or empty spaces within a
material.

e When porosity increases, it means that a significant portion of the implant’s volume
(v) consists of empty spaces or pores. The more spaces, the less mass (m) the
material has.

In addition to weight control, the implants need to exhibit a certain elastic modulus

(stiffness), so the load can be transferred properly from the implant to the bone tissue.

One way to achieve this is again by controlling the porosity of the material. Many

studies have been conducted to create a formula that presents the Young’s modulus

(stiffness) of porous materials as a function of porosity [71], [72], [73]. Some studies

have concluded that the Young’s modulus can be decreased by increasing the

percentage of porosity [71], [74].

Considering all the above, it is possible to manufacture exceptional implants that
effectively mitigate the stress-shielding phenomenon, by controlling the material’s
porosity.
3.5.2.2 Evaluation

After the implant manufacturing process, the next crucial step involves a

comprehensive mechanical evaluation through various tests to ensure the prevention of
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the stress-shielding effect. In vitro experiments represent the most common and
dependable approach, enabling a comprehensive assessment of the entire implant-bone
system.

In a study examining the stress-shielding phenomenon in lumbar interbody fusion
devices, the suggested methodology involves subjecting the implant-bone system to a
series of stress tests, encompassing compression, torsion, flexion, and lateral bending
[75]. These tests provide information about the stress and the implant’s stiffness. This
complete evaluation offers a thorough understanding of whether the implant has the
necessary mechanical properties, avoiding the stress-shielding effect.
3.5.2.3 Detection

Following the implant’s production and placement, it is imperative to periodically
monitor the condition of the adjacent bone tissue. A highly effective technique for
assessing bone health is the use of dual-energy X-rays (DEXA), which possess the
capability to quantify bone density. Therefore, in the event of any latent issues arising
from stress-shielding, employing DEXA to measure bone density ensures timely
detection and prevention of potential complications.

4. ANALYSIS OF BIOMECHANICAL SENSORS AND OPTICAL

TECHNIQUES FOR BIOMECHANICAL APPLICATIONS
Total hip arthroplasty has proved effective in enhancing the quality of life for many

people throughout the world, but to guarantee the best long-term results and patient

satisfaction, it is crucial to evaluate the performance of the implant-bone system.
Biomechanical sensors and optical techniques are indispensable equipment for this

evaluation, as engineers and researchers can assess the strain distribution, implant

stability, and overall biomechanical performance according to the real-time information

University of West Attica, Department of E&EE, Diploma Thesis, Mandakakis Artemios



Monitoring the strains on cadaveric femoral bones with titanium alloy prosthetic stems

these tools provide. The most common sensors for these type of tests are electrical
resistance strain gauges (SGs), fiber Bragg grating sensors (FBGSs), linear variable
differential transducers (LVDT), and digital image correlation (DIC).

Certain knowledge about their working principles is essential for the proper
monitoring of strains or internal movements of the implant. Engineers and researchers
may better understand the biomechanics of total hip arthroplasty and improve patient
outcomes, implant durability, and overall quality of life by utilizing the potential of

these cutting-edge sensor devices.

4.1 Strain Gauges
Strain gauges are mainly used to measure the strains on a material that is under

load. For a better understanding of strains, an example will be given. Suppose there is
a material that is subjected to tension by a force F (Figure 60). Due to the deformations,
the material extends to a distance AL. The strain is calculated according to the following
equation:

AL

€long = A Equation 2

, Where L is the original size of the material. In other words, strain is the ratio of the

change in length of the material to the original and unaffected length [76], [77], [78].

AL L AL

Figure 60: A hypothetical material under tension which was used as an example for
the explanation of strains.

The type of strain that Equation 2 calculates refers to longitudinal strains. There

are other types of strains such as lateral, shear, and volumetric, and each of them has a
different calculating equation. Specifically:

e Shear strain (gs504,-) — Occurs when two opposite faces of an object slide past

each other, resulting in distortion of the object (Figure 61). The equation that

calculates the shear strain is as follows [79]:
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Ay

- Equation 3
L

Eshear = tan(e) = Eshear =

, Where A4, is the length of the deformation at its maximum value, and L is the

perpendicular length of the object.

Figure 61: Representation of an object that has undergone a shear strain.

e Volumetric strain (g,,;) — Is the alteration in volume that an object goes
through as a result of compressive or tensile forces. Volumetric strain is defined
as the ratio of the object’s volume change to its original volume. The equation
that describes this is as follows [80]:

av .
Evol = 4 Equation 4
V
e Lateral strain (&4¢era1) — AlSO known as transverse strain, is defined as the
ratio of change in lateral dimensions to original lateral dimensions. When an
object experiences longitudinal strain due to compressive or tensile forces, it
also experiences lateral strain. Poisson’s ratio (v) describes how an object
responds in the lateral direction when experiences longitudinal strain. Thus the

calculation of lateral strain is derived from Poisson’s formula [81]:
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Elateral

vV=- = Elateral = —V X Elong Equation 5

& long

It can also be calculated if the change in lateral dimensions and the original

lateral dimensions of the object are known according to the following equation:

Ad

€lateral = d Equation 6

, Where Ad is the change in lateral dimension and d is the original lateral

dimension.

Strain gauges were first used in bone biomechanics in 1944 by Gurdjian and

Lissner, who connected them to a cathode-ray oscilloscope to measure the deformations

of the skull at the moment of injury [82]. Since then, strain gauges have been utilized

in bone biomechanics, and due to their precision and high-frequency response, they are

still regarded as the gold standard in bone strain assessment [83].

4.1.1 Structure
Figure 62 presents the structural elements of a strain gauge. Strain gauges have a

relatively straightforward structure, consisting of a thin metallic wire or foil organized
in a specific pattern. More specifically [76], [77], [78], [84], [85]:

1)

2)

Metallic Wire or Foil — It serves as the strain gauge’s sensing component. This
part of the strain gauge is usually made of Nichrome, Constantan, Isoelastic,
and Iridium-Platinum. When put under mechanical strain, these materials
demonstrate a predictable change in their electrical resistance. More details
about the working principles are in the next subsection.

Carrier Material (Gauge Backing) — The metallic wire or foil is attached to
a carrier material. They provide mechanical support and ease of handling
during installation on an object. They also protect the resistive materials of
strain gauges because they usually are very sensitive and fragile. Polyimide is
the standard backing material and is preferred for most applications, but other
materials such as epoxy, and glass fiber-reinforced epoxy can be used as

backing materials.
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3) Solder Pads — Solder pads are used to connect the metallic wire or foil with
the lead wires (soldering process).

4) Lead Wires — The lead wires are thin conductive wires that provide electrical
connections to the strain gauge. They transmit the electrical signals from the

strain gauge to the measuring instrument, such as a Wheatstone bridge.

carrier material

(gauge backing) @ metallic wire or foil @ solder pads
electrical wires (leads)

Figure 62: This Figure illustrates the key structural elements of a strain gauge, a
device widely used for measuring mechanical strains in various applications.

4.1.2 Working Principles
The electrical resistance of a conductor, in this case, the metallic foil or wire of the

strain gauge, is proportional to its length and inversely proportional to its cross-section

area. The equation that describes this is as follows:

R=r1X Equation 7

L
A
, Where R is the resistance, r is the resistivity, L is the length, and A is the cross-section
area of the conductor. A conductor’s resistivity is a property of its material that
quantifies how strongly it resists the flow of electric current. The difference between
resistance and resistivity is that resistivity is an inherent attribute of the material itself,
while resistance is dependent on the size and form of the specific conductor. The units
of measurement for resistance are ohms (), while the units of measurement for
resistivity are ohms-meters (Q-m) [86], [87].

Suppose, there is a conductor as Figure 63 shows, which is under tension. In this
case, its length will increase and its cross-section area will decrease, resulting in an

increase of the resistance R, according to Equation 7. On the other hand, when the
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conductor is under compression, its length decreases and its cross-section area

increases, resulting in a decrease of the resistance R.

A = area

L = length

r = resistivity

Figure 63: The present figure shows an electrical conductor marked with the
magnitudes used to calculate its electrical resistance. These magnitudes are the
cross-section area, the length, and the resistivity [85] (edited).

To extract information from the changes in resistance, the strain gauge is usually a
part of a Wheatstone bridge circuit. The Wheatstone bridge circuit consists of four
electrical resistors and a power source (Figure 64). A voltometer is also connected to
points D and B to check the balance of the bridge. One of the four resistors is variable
meaning that its value of resistance changes (R3), while the rest of the resistors are
constant. Usually, resistors R2 and R4 are chosen to have the same resistance value.
The Wheatstone Bridge has two states, the balanced and the unbalanced state.

In the balanced state, the potential difference between points D and B is zero,
therefore the potential difference between points D and C is the same as the potential
difference between points C and B. Now assuming that I,, I,, I3, and I, are the intensities
of the currents flowing through the resistors R1, R2, R3, and R4, respectively, it follows
that:

Vpc=Vge 2> I, X R2=I1,X R4 -1, =1, Equation 8
With the same logic, the potential difference between points D and A is the same as the
potential difference between points A and B. Thus:

Vpa= Vap » I1 X R1= I3 X R3 Equation 9
Since V5 = 0, there is no current passing through points D and B, so:

L=1,=I13=1, Equation 10
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Based on the above equations (Equation 9, Equation 10), the following result is
obtained:
R3=R1 Equation 11

To summarize the above, for the bridge to be in a balanced state (the potential
difference between points D and B needs to be zero), it must be true that, R3 = R1 and
R2 = R4.

The bridge enters the unbalanced state when there is any change in the values of
the resistors, even in just one of them. Any change in the resistance values corresponds
to a change in the potential difference between points D and B. By measuring this
potential difference, one can derive information about the change in resistance that
caused it [88].

The strain gauge is represented in the Wheatstone bridge circuit by the variable resistor.
The strain gauge’s electrical resistance variation modifies the bridge circuit’s balance.
An output voltage signal corresponding to the applied strain is produced as the bridge
circuit loses balance due to the resistance change in the strain gauge. To determine the

magnitude and kind of strain encountered by the object, the output voltage signal is

/\
\/

Figure 64: The Wheatstone bridge circuit.

processed and examined.

Vs D

The gauge factor (GF), a numerical expression of the strain gauge’s sensitivity to
strain, is a key parameter. The gauge factor is defined as the ratio of the fractional

change in electrical resistance to the fractional change in length [89]:
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AR AR
- R _ R Equation 12
GF AL < q
L

The higher the gauge factor, the more sensitive the strain gauge is to strains. Table 8

shows the gauge factors of the most common materials that are used to construct strain

gauges.
Grid Material Composition Gauge Factor
Nichrome 80% Ni, 20% Cr 2.0
Constantan 45% Ni, 55% Cu 2.0
Isoelastic 36% Ni, 8% Cr, 0.5% Mo, remaining Mn, Fe and Si 35
Iridium - Platinum 5% Ir, 95% Pt 5.10

Table 8: Gauge factors of the most common materials that are used for the
construction of strain gauges [77] (edited).

4.1.3 Bridge Configurations

In the previous subsection it was mentioned that the Wheatstone bridge is necessary
for the transformation of the small changes in resistance of strain gauges into
measurable voltage outputs. There are many bridge configurations such as quarter
bridge, half bridge, and full bridge. Each of these configurations offers different
advantages and is used for specific measurements.
4.1.3.1 Quarter Bridge Configuration

In a quarter bridge configuration, the circuit contains only one active strain gauge
(in the place of the variable resistor), as Figure 65 shows below.
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Vs

Cc

Figure 65: Quarter bridge configuration circuit with only one strain gauge utilized.
Also called simple quarter bridge.

Since only one strain gauge is utilized, only one kind of strain can be measured.
This particular configuration is also called “Simple Bridge Configuration”, it is the least
sensitive, and is susceptible to mistakes brought on by changes in temperature.

Many external factors and environmental conditions cause temperature changes
that affect the measurements that strain gauges capture. One way to solve this problem
is to add to the “Simple Bridge Configuration” system a second strain gauge, as Figure
66 presents. The new system named “Quarter Bridge — Dummy Gauge”, has one active
and one inactive (dummy) strain gauge. The active strain gauge is placed and aligned
according to the direction of the strains that will be measured on the object, while the
“dummy” gauge is mounted to the same object but in an area that does not experience
mechanical strain. If for example, the object has no strain free areas, then the “dummy”
gauge can be mounted on a different object that has the same thermal characteristics as
the first object. Both the active and dummy gauges encounter resistance variations when
the ambient temperature changes. Since the dummy gauge is not subjected to external
strain, its resistance change is primarily due to temperature. By monitoring the
resistance change of the dummy gauge, the temperature effect on the Wheatstone bridge
can be compensated for [85], [90], [91].
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Vs

Figure 66: Quarter bridge configuration with dummy gauge for the elimination of
the temperature effects.

4.1.3.2 Half-Bridge Configuration
Half bridge configurations contain two strain gauges that are both active, as Figure
67 presents. These configurations are more sensitive to strains than the quarter bridge

ones because there are two active strain gauges capturing strain measurements.

Vs

Figure 67: Half bridge configuration circuit that contains two active strain gauges.

There are two possible arrangements for the strain gauges in a half-bridge circuit:

1) Half Bridge with Poisson Gauge — In section 4.1, it was explained that when an
object experiences longitudinal strains it also experiences lateral/transverse strains,
and this behavior is described by the Poisson’s ratio (v). Thus, this configuration

contains one strain gauge transversely oriented, and another longitudinally or
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axially oriented (Figure 68). Since this configuration can measure the changes in
two axes, the number of possible resistance changes increases, and this by extension
enhances the output voltage’s magnitude. The temperature changes do not affect the
measurements too, since it possesses the same ability as the quarter bridge
configuration with the “dummy” gauge that was explained in the previous

subsection.

transverse

longitudinal

Figure 68: Orientation for the two active strain gauges in a half-bridge
configuration with Poisson gauge [85] (edited).

2) Bending Half Bridge — This configuration contains two active strain gauges that
are mounted on an object on two opposite sites (Figure 69). This type can measure
only bending strains with precision by eliminating the axial measured strains, thus
the resistance change due to compression/tension of one strain gauge is negated by
the other. Additionally, it eliminates the effect of the temperature change in the

same way as it was explained previously.

Figure 69: Placing the two active strain gauges on two opposite sites for the
bending half-bridge configuration [85] (edited).

4.1.3.3 Full Bridge Configuration

A full bridge circuit utilizes active gauges in place of all resistors, making it highly
versatile as it allows for various configurations involving four strain gauges (Figure
70). By having all resistances varying, the circuit, the circuit effectively compensates

for temperature effects regardless of the chosen type of configuration.
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Figure 70: Full bridge configuration circuit.

There are many possible full bridge configurations but two of them are going to be
analyzed:

1) Axial and Bending Full Bridge — An axial and bending full bridge involves placing
all four strain gauges on one side of the structure, with an effort to keep them
coplanar (Figure 71). Within the bridge, the gauge pairs on one leg are positioned
perpendicularly to each other. This arrangement can be seen as two Poisson half-
bridge configurations working together, leading to an output signal with double the
magnitude of its half-bridge counterpart.

2) Bending Full Bridge — This circuit is formed by positioning the strain gauge pairs
on opposite sides of the object, aligned in parallel (Figure 72). The bending full
bridge configuration blends the features of both the Poisson half-bridge and bending
half-bridge circuits. It not only eliminates axial strain but also enhances signal
sensitivity. As a result, the output signal generated is twice as strong as that

produced by a Poisson half bridge.
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Figure 71: Axial and bending full bridge configuration [85].

Figure 72: Bending full bridge configuration [85].

4.1.4 Types of Electrical Resistance Strain Gauges
Another way of classifying electrical resistance strain gauges in addition to bridge

configurations, is the arrangement of their resistance material. The most common

arrangements are as follows [85]:

1) Linear — Linear electrical resistance strain gauges are the most famous among the
other types and are designed to assess strain in a single direction. Due to their
uncomplicated design (Figure 62) and affordability, they are suitable for general
applications, including load and fatigue testing. This type can be a part of a quarter,
half, or full bridge configuration, as it was explained in the previous subsection.

2) Tee Rosette — This type of gauge, also known as 90° rosettes, consists of two
measuring elements positioned at right angles to each other in the same carrier
material (Figure 73). They find application in situations where the primary
directions of strain are already identified or known. They can also be a part of a
quarter, half, and full bridge configuration using multiple rosettes.
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L = . .,

Figure 73: Tee rosette electrical resistance strain gauge [85] (edited).

3) Rectangular Rosette — This type consists of three measuring elements positioned
at 0°, 45°, and 90° angles to each other (Figure 74). They are employed in situations

where the principal directions of strain are uncertain or not known at all.

(e

Figure 74: Rectangular rosette electrical resistance strain gauge [85] (edited).

4) Shear — Shear electrical strain gauges are utilized to measure shear strain resulting
from torque or torsional loading. They can feature either a single or two measuring
grids attached to a common carrier (Figure 75). In the case of a single element, it is
oriented at a 45° angle to the shaft axis. For a two-grid shear strain gauge, also
known as V rosette, the measuring elements are positioned at 45° and 135°.

5) Diaphragm — Diaphragm strain gauges are employed for assessing both radial and
tangential strain. They are commonly set up in a full bridge configuration with the

four measuring elements arranged in circular or linear patterns (Figure 76). The
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tangential elements are located close to the outer edge of the carrier, while the radial

elements are bonded near the center.

single measuring grid

double measuring grid

BCM Sensor /\

"BCM Sensor A

Figure 75: Shear electrical resistance strain gauge. The left side of the picture
shows the strain gauge with one measuring grid while the right side the strain
gauge with two measuring grids [85] (edited).

Figure 76: Diaphragm electrical resistance strain gauge [85] (edited).

4.1.5 Signal Conditioning

A successful integration of a sensor into a measurement system requires a variety
of steps known as signal conditioning [92]. This entails a number of steps and
procedures that convert the sensor’s unprocessed output into a signal the measuring
system can use. These steps ensure that the sensor’s data may accurately contribute to
the entire measurement process as well as preparing it for further processing. In essence,
signal conditioning is a crucial component of the entire measurement process since it
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bridges the gap between the sensor’s raw data and the desired output of a measurement
system.

The processes involved in signal conditioning are [92]:
1) Excitation — Application of a known voltage to the sensor to create response. It can
be DC or AC based on the type of sensor that is used. Although some sensors do not
require excitation. The voltage that appeared in the previous subsection in Wheatstone
bridge configurations represents the voltage excitation (Vs).
2) Impedance Matching — The input impedance of the signal conditioning system must
match the impedance of the sensor in order to ensure that the signal is accurately and
reliably transmitted.
3) Signal Modification — This process involves the increase of the signal magnitude
(amplification), the removal or correction of any DC-offset, and AC-coupling.
4) Detection — In situations where signals are modulated and pose challenges for
straightforward information extraction, the “Synchronous Detection” technique is
employed. This method involves combining the modulated signal with an unmodulated
reference signal that is precisely synchronized with the signal. This synchronization
allows for the extraction of information. Alternatively, in certain scenarios, signals do
not require synchronization, and information can be directly extracted from the signal
(referred to as “Direct Detection”).
5) Linearization — It is essential to have a clear understanding of how the sensor
responds to the measured quantity. This knowledge is crucial for translating the sensor’s
signal into a meaningful and precise output. Specifically, we aim to convert the sensor
signal into a value expressed in units that are relevant to the measured quantity.
6) Noise Mitigation — To improve measurement accuracy it is very important to reduce
the noise in the output signal. This can be achieved using either low-pass or high-pass
filters.
7) Circuit Protection — Elctrostatic discharge (ESD) is a threat to numerous electronic
parts and circuits found in measurement instruments. The instrument’s front-end
circuitry incorporates ESD protection components to lessen the chance of damage.

The signal setup for the strain gauges includes; In most cases, a DC excitation
voltage is applied to the output of the Wheatstone bridge. However, it’s worth noting
that AC excitation is not entirely disregarded as it brings several advantages. AC
excitation can effectively eliminate offset errors reduce unwanted noise and dimmish

any electromagnetic interference [93]. The strain gauge has a high input impedance
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meaning that the signal conditioning system must have high impedance too, so the
signal can be transmitted properly. It certainly needs signal amplification since the
output of the strain gauges is in the order of millivolts/microvolts. As for the detection,
is direct and there is no need for linearization. A low-pass filter is also required to reduce

the unwanted noise in the measurements [92].

4.1.5.1 Amplification and Noise Reduction
In measurement systems with strain gauges, ensuring accuracy in data acquisition

is essential. Consequently, signal amplification and noise reduction become critically
important and demand further attention.

When amplifying a measurement system, it is possible that, in addition to
amplifying the signal containing the desired information, the amplifier may also
amplify any other signals that are generated due to noise. So, it is important to use
amplifiers that have specific characteristics like high common-mode rejection (CMR),
which are capable of amplifying the desired signal while simultaneously rejecting the
interference signals at the system’s output.

Instrumentation Amplifiers (in-amps)

Instrumentation amplifiers are often used in industrial and medical environments
to handle weak signals while efficiently managing common-mode voltages [94]. For
that reason, they are suitable in Wheatstone bridge configurations with strain gauges.

The most classic and common configuration for an instrumentation amplifier is the

three-op-amp structure, depicted in Figure 77.

V_in— = V_cm - V_diff/2
Vi = V_cm - G1*(V_diff/2)

i s 2
+3+ R1 R2
> 1

+6J v_diff/2 ¢———J  }—

b I_diff} [] RG A1l =1 + (2*RF)/RG
V_cm -
() Q) vaairiz2

V2 = V_cm + GL*(V_diff/2)

Viin+ = V_em + V_diff/2

Figure 77: A classic and common structure (three-op-amp) of an instrumentation
amplifier [94] (edited).

In the in-amp circuit, two op-amps serve as input buffers at the front end. These

op-amps, operating with negative feedback, provide a high input impedance that
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matches the high output impedance of the strain gauges, ensuring minimal loading of
the source signals. At the circuit’s end, a differential op-amp stage is employed to
eliminate the presence of common-mode voltage in the output signal [94], [95]. To
provide a better understanding of the in-amp’s principles, a mathematical representation
of its operation can be used:

The instrumentation amplifier’s inputs are subdivided into a common-mode
voltage (V) that represents the noise, and a differential voltage (V 4;¢5) that represents
the signal that contains the desired information. V., is determined by averaging the

inputs (Vin—, Viny), While V455 is obtained from the difference between the inputs, as

equation 13 and 14 show below, respectively.

Vem = M Equation 13
Vairr = Vine — Vin- Equation 14
Analyzing the above equations, the following results are obtained:
Vine = Ve + Vairy Equation 15
2
Vaiyy Equation 16
Vine =Vem — 2 q

The amp-1 and amp-2 apply in the differential voltage at the edges of the resistor RG,

thus, it is generated a current I_diff. Using the Ohm’s law, 1_diff is calculated:

v_diff .
Laigs = °C Equation 17

Based on the above, the outputs of amp-1 and amp-2 can be described mathematically
as follows:

V1l = Vin— — Idiff X RF -

V.. Equation 18
diff
- V1= ch— 2 - IdiffXRF
V2 = Vipy + gy X RF > Equation 19
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V.,
V2=V, +

+ Igyp X RF

Substituting equation 17 into 18 and 19, gives the final form of V1 and V2:

Vai RF :
Vli= V., — ‘izlff X(1+2x R_G) Equation 20

Vai RF :
V2=V, + dzlff X(1+2X RG Equation 21

Vairf

It is observed that the term - is multiplied by theterm 1 + 2 x %, which represents

the gain Al. It is also very clear that from equations 20 and 21, only the differential
voltage is multiplied while the common-mode voltage remains as is. Finally, the

differential amplifier amp-3, calculates the difference between V1 and V2, and then
amplifies this difference using gain 2 = % . Amp-3 is a unity gain amplifier because

in most cases are R1=R3 and R2=R4. The meaning of the third amplifier is to reject
completely the common-mode voltage ensuring that will not appear in the output.

One of the primary challenges with instrumentation amplifiers is the limited range
of input values in the differential stage at the end of the circuit. Input saturation may
happen from common-mode signal coming from close equipment, together with
differential DC potentials emerging from signal sources at dissimilar locations. Such an
event can result in undesirable consequences. For instance, the output may appear
normal, but it might not accurately reflect the required signal.

Operational Amplifiers (op-amps) Configurations

The output signal from the Wheatstone bridge, which contains the crucial
information, can be amplified by an instrumentation amplifier with excellent common-
mode signal rejection, as it was presented above. However, it is important to keep in
mind that instrumentation amplifiers are frequently more expensive than simple
operational amplifiers. Alternative amplification circuits that incorporate operational
amplifiers have been developed in response to the cost restrictions and can give the
same or better performance as the instrumentation amplifiers do.

In comparison to the conventional Wheatstone bridge circuit, the configuration
shown in Figure 78 uses fewer bridge elements and the instrumentation amplifier is

replaced by a less expensive operational amplifier.
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+Vref R2=RF
AMA—
R1=R+AR
il
1
R3=R
—Vref

Figure 78: A4 less expensive configuration to amplify the Wheatstone’s bridge
output signal [96] (edited).

R1 and R3 are the only resistors left from the wheatstone’s bridge original circuit.
Resistor R1 represents the strain gauge and AR is the change in resistance when the
strain gauge operates.

Using the node voltage method at node 1, the voltage output V,, is calculated by the

following equation:

le(l-rl-rl) Ve X — (-v )x1 Vox—=0
_ —_—F — ) — _ = _ e -
R1 ' R3 R2 ref 7 R1 ref/"R3 97 R2
RF AR _
- — Equation 22
Vo= 1 X giar *Vre o

The voltage V1 is equal to 0 because the posititve input of the operational amplifier is
grounded.
The output voltage signal is amplified four times that of the original Wheatstone
bridge’s circuit (when AR << R). At the same time, the circuit is designed in a way that
does not accept the common-mode input signals, that are generally generated by noise.
In addition, in this circuit can be adjusted multiple strain gauges without countering any
difficulties, as Figure 79 shows.
By applying the node voltage method again at node 1, the multigauge’s circuit output
IS given by:

_ RF 9 2iz14R;

0= J R AR X Vs Equation 23
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+Vref
RL = R + AR ?
R2 =R+ 4R2 R2
R3 = R + ARn

——O Vo
R/n§

(e}
—Vref

Figure 79: A multigauge configuration for the circuit of Figure 91 [96] (edited).

However, this circuit produces a linear output only when the change in resistance
AR is way smaller than the resistance R (AR << R), and uses two reference voltages,
which add complexity to the circuit design and increase the chances of errors in

implementation.

4.2 Fiber Bragg Grating Sensors (FBGS)
Fiber Bragg Gratings (FBGs) were discovered in 1978 but didn’t become

commercially available until 1995. Their inclusion as biomechanical sensors into the
field of biomechanics occurred in the late 2000s with the purpose of measuring strains
at the interface of bone-implant systems [83]. Recently, Fiber Bragg Grating Sensors
(FBGS) have garnered significant attention from researchers and engineers due to their
remarkable properties. These include their small size, making them ideal for fitting into
complex environments without consuming excessive space, their rapid response
coupled with high sensitivity for faster and more accurate results, and their immunity
to electromagnetic interference-a crucial advantage in environments filled with
electrical and optical equipment that could otherwise disrupt measurements.
Additionally, FBGs can also be used for in vivo applications, monitoring various
parameters in real-time, thanks to their biocompatibility and nontoxicity characteristics
[97], [98], [99]. Probably the biggest benefit of FBGs is their multiplexing capability.
This feature makes it possible to measure simultaneously several physical parameters
such as strain, temperature, pressure, and vibration with high accuracy. With these

capabilities, FBGs become indispensable instruments for clinical diagnoses, treatments,

University of West Attica, Department of E&EE, Diploma Thesis, Mandakakis Artemios



Monitoring the strains on cadaveric femoral bones with titanium alloy prosthetic stems

and biomechanical research. They provide non-invasive and high-resolution monitoring

of biomechanical parameter monitoring for a wide range of biomedical applications.

4.2.1 Structure of FBG

The FBG is typically made of a standard single—-mode optical fiber that consists of
three elements and a small periodic pattern of refractive index changes in its core, as
shown in Figure 80 below. The core is the central region of the optical fiber where light
propagates. Surrounding the core is the cladding, which has a slightly lower refractive
index than the core, thus it helps confine the light within the core by offering total
internal reflection. In more simple words it acts as a barrier, preventing light from
escaping the core. The core and the cladding are protected by a polymer coating that

offers mechanical strength and protection from environmental factors [100].

POLYMER
COATING

i

GRATING
PERIOD |~ <«

Figure 80: Structure of Fiber Bragg Grating [101] (remake).

The periodic pattern of refractive index changes, also called the “grating” is formed
by exposing the core of the fiber to Ultraviolet (UV) light [102]. This specific process
of the grating’s formation inside the fiber core is called photoinscription. However,

photoinscription is beyond the scope of this study and it will not be further analyzed.

4.2.2 Working Principles — Configuration System
A periodic region of different refractive indices is included in the FBG structure,

as previously presented. The refractive index is a fundamental property of a material
that describes how light propagates through it. It is essentially a measure of how much
the speed of light slows down when entering a medium compared to its speed in
vacuum. Mathematically it is represented as the ratio of the speed of light in vacuum to

the speed of light in matter:
n= < Equation 24,
u
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where n is the refractive index, ¢ the speed of light in vacuum, and u the speed of light
in a medium.

When light changes medium, it also changes speed. This results in the light being
reflected or absorbed, depending on the angle of incidence and the details of the
materials involved. In the case of FBG, the grating period consists of alternating regions
with different refractive indices. When light passes through this grating structure, it
interacts with the periodic variation in refractive index. This interaction results in only
certain wavelengths being reflected back. The wavelengths that are reflected back must
meet the Bragg condition, also known as Bragg’s law. Bragg’s law is a fundamental
principle in physics that describes the behavior of waves, like light, when they
encounter a periodic structure. It states that constructive interference occurs when the
path length difference of waves scattered by adjacent regions is an integer multiple of
the wavelength.

For example, suppose two waves with identical wavelength (1) and phase (parallel
to each other) approach a crystal structure and are scattered by two different atoms, as

shown in the figure below.

w1

Figure 81: Example of Bragg’s condition with two identical parallel waves [103]
(edited).

The second wave (W2) crosses an extra distance in relation to the first (W1) which is
XB + BY. This distance will of course be equal to a multiple of the wavelength:

XB + BY =ni Equation 25

Based on the two right-angled triangles two equations arise:

XB .
sin@ = 3 > XB =d xsin@ Equation 26
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BY .
sin@ = 7=>BY =dxsin@ Equation 27

Substituting equation 26 and 27 into equation 25:

dXxXsin@+dxsinf =niA = 2d x sin@
Equation 28,

=ni
where d is the distance between the two atoms, @ is the angle of incidence, and n is the
diffraction order. Equation 28 is called Bragg Condition or Bragg Equation.

Now, if the Bragg condition is met, there will be constructive interference, and the
two waves will add together, resulting in a wave with a larger amplitude. In any other
case, there will be destructive interference, causing the two waves to diminish each
other, creating a smaller wave or even canceling each other out.

In the case of an FBG, when light passes through its structure, only certain
wavelengths will be reflected due to the grating, as explained previously. These
wavelengths, which satisfy the Bragg condition, will combine to form a new wave with
wavelength Az, known as the Bragg wavelength. The equation for calculating the Bragg
wavelength is:

Ap =2 XM XA Equation 29,
where n.g is the effective refractive index and 4 is the period of the grating. Below is

a diagram showing the reflected and the propagated light.

P

|
Incident spectrum
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Reflected spectrum

Figure 82: Fiber bragg grating principle — illustration of reflected and transmitted
light [104].

Any axial strain experienced by the FBG leads to the change of the period of the
grating and the effective refractive index, as a result, the reflected Bragg wavelength
changes (Figure 83). These changes in Bragg wavelength are typically detected and

analyzed using optical spectrum analyzers (OSA) and are further processed to produce
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the required data. Optical circulators are also used to separate the incident light from
the reflected (Figure 84).

Apg =2 XN x A
p A B eff A
i
S — | | F——
Unstrained FBG
1
P T _)j'B! =2X n’eff x A’ ﬁ\l
<> ‘ i
Strained FBG
1

Figure 83: Bragg wavelength change due to axial strain [104] (edited).

However, when using an FBG in practical methods to monitor strains, it also exhibits a
high sensitivity to temperature changes. In particular, the Bragg wavelength is affected
by both the axial strains and temperature changes at the same time [97]. So, Equation

29, shifts accordingly [105]:

aneff an aneff aA H
Ay = 2% | Ax — T+ opp X o X AT +2 % | A X — 2L+ gy X 25| x AL Equation 30,

where AT and A€ are the temperature change and the FBG length change, respectively.
It is understandable that this sensitivity to temperature causes measurement accuracy
problems. For that reason, they have been developed discrimination methods that will

be discussed in the following undersections.

Broadband
Source

Optical
Circulator

Figure 84: A simple interrogation setup system for Fiber Bragg Gratings [106]
(edited).
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4.2.3 Types of Fiber Bragg Grating Sensors
FBGs are utilized across numerous fields including telecommunications,

biomechanics, and photonics. Obviously these fields evolve as time passes through, and
new challenges-demands are brought to the surface. For that reason, it becomes
essential to develop various types of FBGs with different characteristics to meet these
evolving needs effectively. Over the years there have been developed many types of
FBGs to address a wide range of applications while maintaining optimal performance
and reliability.

The type of FBG used as an example in the previous subsections to explain the
structure and the working principles is the most common one and is called the “Uniform
FBG” (UFBG)as the refractive index modulation along the length of the fiber core is
uniform (Figure 80). The current subsection aims to present the structures of these

different types of FBGs as well as their properties.

4.2.3.1 Chirped Fiber Bragg Gratings (CFBGS)
Compared to uniform FBGs, which are designed to have a consistent periodicity

of the refractive index, Chriped Fiber Bragg Gratings (CFBGs) have a varying
periodicity of the refractive index along the z-axis. This variation can be linear or non-
linear, as shown in Figure 85 below. In such types of FBGs, the Bragg wavelength
varies along the length of the grating, meaning each segment of the grating reflects a
different spectrum, resulting in a broader overall Bragg wavelength than that reflected
by UFBGs.

\ Ae(2)
JUNNE N N B . .

Figure 85: (a) Linear Chirped FBG, (b) non-linear Chirped FBG [107] (edited).
This also means that the overall spectrum is affected by the temperature or/and the
strains occurring in each segment of the grating. Therefore, a CFBG sensor can [107]:
1) Detect how the temperature or strain varies along different segments of the

grating.
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2) ldentify local changes, such as small hot spots or sudden changes in strain.
3) Monitor how these local changes progress over time.

4.2.3.2 Tilted Fiber Bragg Gratings (TFBGS)
Tilted Fiber Bragg Gratings (TFBGSs) have a similar structure to UFBGs with one

key difference: their grating is tilted relative to the fiber axis, instead of being
perpendicular (Figure 86). This tilt angle allows for a unique interaction between the
light propagating in the medium and the grating. As the light travels through the core
of the optical fiber, some of it is reflected by the grating, similar to UFBGs. However,
due to the inclination of the grating, part of the light is coupled into the cladding, where
it propagates. Light in the cladding can interact with the environment because the
cladding is closer to the outer surface of the fiber. This interaction makes the cladding
modes sensitive to external factors such as changes in the refractive index of the

surrounding medium.

N “Ag

Figure 86: Structure of the Tiltted Fiber Bragg Grating [108].

In addition to the primary Bragg wavelength peak, there are additional peaks in the
transmission spectrum due to the light coupling into the cladding modes [109]. These
peaks are highly sensitive to changes in the refractive index of the cladding.
Consequently, measurements from a TFBG are derived from monitoring and analyzing
both the reflected light and the transmitted light, providing detailed and sensitive
environmental sensing. Figure 87 shows the transmission and reflection spectra of a
UFBG and a TFBG. In a TFBG the Bragg wavelength is calculated as follows:

Ay = 2 XMepp X Ag Equation 31
cos(60)
where A, is the periodicity of the tilted grating and (8) is the tilt angle of the grating

planes.
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Figure 87: Transmission and reflection spectrum of a UFBG (left part of image)
and a TFBG (right part of image) [110] (edited).

4.2.3.3 Phase Shifted Fiber Bragg Gratings (PS-FBGS)
PS-FBGs or nFBGs are a specialized type of FBG that introduces a discrete phase

shift within the grating structure (Figure 88). The size of the phase shift can assume
different values, such as n/2, w, 3n/2 and so on [111]. This phase shift results in the
creation of a narrow transmission window within the broader reflection spectrum of the
FBG. In other words, the phase shift disrupts the periodicity in such a way that a specific

wavelength, which would otherwise be reflected back, is allowed to pass through.

Phase shift

L

unnooong | .
L1 L2 ‘

Figure 88: Structure of a Phase Shifted Fiber Bragg Grating [112] (edited).

Thus, the reflection spectrum contains a narrow dip (Figure 89) that significantly
impacts its sensitivity and measurement capabilities. Any slight changes at the grating
result in a noticeable change in the position and characteristics of the narrow dip, and
this alteration can be used to obtain precise measurements. Researchers successfully
use this property of a PS-FBG sensor to create methods for high-resolution dynamic

strain measurements [111].
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Figure 89: The reflection spectrum of a PS-FBG. The y-axis in the graph
represents the reflection coefficient or reflectivity of the PS-FBG (0 = no reflection
and 1 = total reflection) [111] (edited).

4.2.4 Discrimination Methods for Temperature and Strain

In 4.2.2 it was mentioned that FBGs can be both sensitive to temperature and strain
at the same time. In many scenarios in which precise strain measurement is required,
like monitoring the strains on cadavers, the influence of temperature raises a variety of
serious problems in the integrity of the data acquired from the FBG sensor. For that
reason over the years, there have been developed discrimination methods that help
detect and separate the temperature from the strain measurements.
4.2.4.1 Reference FBG Method

This method requires two completely identical FBGs, where one will be used to
monitor the strains, while the other as a reference component for the temperature. In
order for this method to be effective, both of the FBGs must exist in the same thermal
environment and the reference FBG must be strain-free. The schematic diagram of this

method is presented in Figure 90.

sensing FBG
broadband source ? I = I I =
w 21111
FTrrt
ﬂ reference FBG
wavelength
monitoring

Figure 90: Schematic diagram of the reference FBG method for the discrimination
of temperature and strain [113] (edited).

The purpose of the reference FBG is to monitor the temperature that causes the

strain error in the other FBG’s measurements. In that way, it is possible to subtract the

University of West Attica, Department of E&EE, Diploma Thesis, Mandakakis Artemios



Monitoring the strains on cadaveric femoral bones with titanium alloy prosthetic stems

wavelength shift caused by temperature variations from the wavelength shift obtained
with the strain FBG [114].

This method is considered to be the most easy to implement and cost-effective than
the others, however raises a challenge because it requires two identical FBGs, which is

extremely hard to construct in the first place.

4.2.4.2 Dual Wavelength Superimposed FBGs Method

The implementation of a dual-wavelength superimposed FBG can be considered
as another way to discriminate strain and temperature. This special FBG has two
different gratings inscribed at the same region in the core of the optical fiber. Suppose
the wavelength shifts in strain and temperature have linear behavior, the Bragg
wavelength shift (445) with the respect to the change in strain (4¢) and temperature
(AT) can be calculated as follows:

Mg =R X e + R X AT Equation 32

, where X and ‘R are the strain and temperature sensitivities of the FBG, respectively
[114].

From Equation 32 it is clear that the strain is not directly dependent on temperature. In
a superimposed FBG, there are two wavelengths as said previously, thus Equation 32

can be transformed into the following matrix:

AABl]=[N1 SRI] [As Equation 33
Adg, 82 m2llaT

, where 1 and 2 denote the two distinct wavelengths [114].
By measuring the wavelength shifts with strain and temperature one at a time, it is
possible to determine the values of Ae and AT. Once the change in strain and

temperature is determined, they can be used to discriminate the measurements.

4.2.4.3 Different Cladding-Diameter FBGs Method
This method follows the same concept as the dual-wavelength superimposed FBGs

method. Two FBGs with the same grating but with different cladding diameters are
joined together, thus a scenario is created where the response to strain and temperature
is different for each FBG. Because the two FBGs have different cladding diameters, the
extent of the wavelength shifts will differ for each FBG due to their different
sensitivities to strain and temperature. The change in temperature and strain can be
obtained by Equation 32 in the same way as described in 4.2.4.2. The schematic of the
two FBGs that are joined together is presented in Figure 91 below. This technique is

easy to implement just as the method with the reference FBG, however, the structure of
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this composed sensor raises problems at the point where the two different claddings are
joined together. These problems refer to the low mechanical strength and the light that

can be lost at the junction where the two optical fibers are fused together [114].

FBG 1 FBG 2

Figure 91: Schematic of the two joined FBGs with different cladding diameters
[114] (edited).

4.3 Linear Variable Displacement Transducers

A linear variable differential transducer (LVDT) is an electromechanical sensor
used to measure linear displacements with extremely high accuracy. In the field of
biomechanics, it can be used in cadaver studies to monitor the displacements of an
implant inside a femoral bone during a mechanical test. This allows the integrity and
quality of the implant, as well as the surgical technique, to be evaluated.

The structure and the design of LVDT sensors are simple and do not require high-
cost components. Figure 92 presents the structure of the LVDT sensor, and Figure 93
depicts the equivalent circuit. It consists of a primary coil C1, two identical secondary
coils C2-C3, and a core that has the ability to move freely on the inside.

Figure 92: Structure of the LVDT sensor [115] (edited).

The basic principle of LVDT operation relies on electromagnetic induction. If an
excitation signal Uy, =V}, X sin(wy,t) is applied to the primary coil, it creates a
magnetic field around which induces an alternating voltage in the two secondary coils
[116], where U,,. is the instantaneous value of the voltage at time t, 1, is the maximum
or peak value of the voltage, w,, is the angular frequency, and t is the time variable.

Now, by using the mutual inductance principle and Faraday’s law of electromagnetic

induction, the voltage that is induced to the secondary coils C2 and C3 is [117]:
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2 X % X Wpp X Upy X Ny X Ngpe X (215 + dipy)

Uoon =
secl 107 X dgee X degre X Zpr X In(ry /17) Equation 34
X 12
U= 2 X T2 X Wy X Upy X Ny X N X (211 + dyy)
secz 107 X dgee X deore X Zpy X In(ry /11) Equation 35
x 13

, Where n,, and ng,. are the numbers of the turns of the primary and secondary coils,
respectively, [; and [, represent the distances that the core has penetrated into the
secondary coils C2 and C3, respectively, d,, ds.c and d.o.. are the lengths of the
primary and secondary coils and the moving core, respectively, Z,,. is the impedance

of the primary coil and r; and r, are the radius of the secondary coils and the moving

core, respectively.
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Figure 93: The equivalent circuit of the LVDT sensor [115] (edited).

The secondary coils are connected in opposite directions as shown in Figure 93 and the

output voltage is:

Uo = Usecl - Usecz Equation 36

The position of the movable core affects the magnetic coupling between the primary
and secondary coils. When the core is at the center, the voltages induced in both
secondary coils are equal and opposite, resulting in zero output voltage. When it moves
away from the center it causes an imbalance in the magnetic coupling, resulting in a
differential voltage that is proportional to the displacement of the core. In that way, it

is possible to track any movements, even the tiny ones of an object.
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4.4 Digital Image Correlation
For many decades biomechanical sensors like strain gauges (SGs) were the primary

tool for monitoring strains. These sensors can still provide precise and reliable
measurements today. However, in objects with extremely complex shapes, where even
tiny regions are important to monitor, these conventional sensors cannot adequately
cope [118]. The introduction of optical techniques to the biomechanical field has
revolutionized the way strains can be monitored and studied. Optical techniques have
already shown to engineers and researchers that they can be used to identify the
properties of various materials [119] even those with anisotropic behavior [120], such
as bone tissue.

Digital Image Correlation (DIC) is one of the optical techniques that gained a lot
of attention recently due to its ability to identify strains in complex objects with
extremely high precision. This technique is so reliable and accurate that the data
provided from experimental procedures can be used to study musculoskeletal
biomechanics [121] and validate Finite Element (FE) models [42].

DIC is a non-contact technique that relies on the process of digital images to
analyze the changes in an object’s surface pattern during mechanical tests.

The implementation of DIC’s technique can be described as a series of steps, each
serving a specific purpose within the overall process [122]. The first step is to prepare
the surface of the desired specimen that will be mechanically tested. This preparation
leads to the creation of a speckle pattern on the specimen’s surface which provides a
unique signature that can be tracked across multiple images. The speckle pattern can be
applied by painting the specimen’s surface with white color and then spraying it with
black to create this random pattern (Figure 94 (b)). The next step of DIC’s process
involves the calibration of the system. This includes the positioning of the camera/s and
the determination of the measurement volume, which can be achieved by capturing
images of a unique calibration plate (Figure 94 (a)).

After the calibration of the system and before the mechanical test begins, it is
required to obtain an image of the specimen, which will be used as reference data. The
process of the mechanical test then begins and images of the deformed specimen are
captured. A special software based on correlation algorithms is used to match subsets
of the reference image with subsets of the deformed images. This step identifies the
displacement of each pixel between images. By comparing the displacements of

University of West Attica, Department of E&EE, Diploma Thesis, Mandakakis Artemios



Monitoring the strains on cadaveric femoral bones with titanium alloy prosthetic stems

multiple spots, the software calculates the displacement field of the entire surface and

produces the strain map.

(b)
SPECIMEN SURFACE
PREPARATION

NO PATTERNED
PATTERN

Figure 94: (a) presents the calibration plate that is used at the beginning of the
DIC’s process [123], (b) illustration of the speckle pattern that is sprayed on the
surface of the tested specimen [122] (edited).

The process of DIC can be considered simple and easy to implement. It does not
require physical contact with the material, avoiding potential damage or interference,
as well as saving time preparing the surface for other biomechanical sensors that require
physical contact. In addition, its ability to provide full-filed measurements with high
accuracy compared to conventional sensors which cannot cope with the entire surface
of the specimen, makes it a valuable tool for biomedical applications, as it provides the

means for the entire field to evolve.
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5. EXPERIMENTAL PHASE
This experimental phase involves constructing a special mechanical system

(loading setup) designed to replicate the primary forces exerted on the human hip joint.
The goal is to accurately simulate the conditions experienced by the hip during static-
compressive tests and capture the strain distributions of each specimen. The specimens
that are going to be used in this experiment are two human cadaveric femoral bones,
one intact and one implanted with a prosthetic stem.

To ensure precise measurement and analysis, the strain and force monitoring will
be conducted using advanced techniques and transducers such as digital image
correlation and load cells. Each specimen will undergo a strict testing protocol, where
it will be mechanically tested and monitored five different times. This repetition ensures
consistency and reliability in the data that will be collected, allowing for a thorough
comparison between the intact and implanted femurs. The results of these tests will
provide valuable insight into the mechanical behavior of the femur and the integrity of
the implant, under compressive forces.

Because this experimental process involves cadaveric specimens, it is
understandably demanding and challenging. Therefore, preparing the proper equipment
and materials is vital for the experiment’s success. The necessary equipment and
materials are as follows:

1) Cadaveric human femoral specimens.

2) Femoral implants designed specifically for the cadaveric specimens.

3) A loading setup to simulate the main hip forces.

4) Load cells to monitor the abductor’s force.

5) A digital image correlation system to monitor strains.

6) A press machine to apply the necessary force.

7) Proper software to process the acquired data from the DIC system.

Cadaveric Specimens and Femoral Implant

Two cadaveric femoral bones from a single male donor (left and right femurs) were
chosen for mechanical testing under compressive static load. The right femur remained
intact and did not show any alterations in its appearance. The left femur was operated
on, and a femoral stem was implanted. Both specimens and the implant are shown in
the figures below. The cadaveric specimens were initially obtained and processed by
3¥ Ltd and Akmelogi S.m.p.c. The implant is a patient-specific design constructed

through a series of steps by the same companies that provided the specimens.
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Figure 95: Cadaveric specimens used for the experimental procedure. (a) is the left

and implanted femur, and (b) is the right intact femur.

Figure 96: The patient-specific implant that was manufactured using advanced
algorithms and additive manufacturing techniques by 3% Ltd and Akmelogi
S.m.p.c.

An MRI of the selected femur was obtained, and its 3D geometry was generated. Using
special algorithms that account for the complex shape and measurements of the human
femur, the precise 3D schematic of the implant was created. Finally, using additive
manufacturing techniques, the implant was printed. The implant is made of a titanium
alloy with the required percentage of porosity to reduce its weight.

The loading setup

The design and construction of the loading setup are crucial steps in the
experimental process. The precision of the forces exerted on the specimen directly
impacts the accuracy and realism of the measurements and it will determine the

effectiveness of the experimental phase.

University of West Attica, Department of E&EE, Diploma Thesis, Mandakakis Artemios



Monitoring the strains on cadaveric femoral bones with titanium alloy prosthetic stems

In Chapter 2, the main forces of the hip joint at a simplified 2D frontal plane were
explained, and based on that, the loading setup should be designed in such a way as to
account for the following magnitudes and features:

1) The force generated by the body weight.

2) The counterforce generated by the abductors.

3) The joint reaction force.

4) The lever arms of the body force and the abductor force.

5) The angles at which the joint force and abductor force are exerted.

6) Space for a load cell to measure the abductors force.

Considering the above, a makeshift system out of plastic was constructed, and a test
was immediately conducted to evaluate its performance. The system layout is illustrated

in Figure 97 below.

Figure 97: The makeshift system adjusted to the universal testing machine
(provided by 3% Ltd and Akmelogi S.m.p.c.).

From Figure 98, (1) is the surface that is being forced by the press through the yellow
extension (6). The length of (1) serves also as the lever arm of the body force. The load
cell is screwed into the (2). The sides of (2) can move on the vertical axis and are able
to rotate for the adjustment of the position and the angle of the load cell. (3) is the load
cell which is a transducer that converts force into measurable electrical output. The
upper part of (4) is screwed to the back of the load cell, while the lower part is attached
to the greater trochanter. (5) is attached to the femoral head and to the lower part of
component (1) so that the force can be applied. (4) and (5) are the components that
transfer correctly the forces from the press to the desired points of the femur. According
to Cristofolini et.al., the angles at which the joint force and the abductor’s force are
applied to the hip joint are 18° and 29°, respectively (Figure 99). Thus (2), (3), (4), and
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(5) were constructed and positioned accordingly. In addition, the system layout ensures
that the moment arm of the abductor force always maintains the desired constant length.

Figure 98: A closer look at the parts of the loading setup.

The press was calibrated (table 1 shows the settings of the press in detail) and an
artificial femur was used to conduct this test. During the test, the following were
observed:

e The pin which is placed at the end of component (6), has a relatively large

surface. The body force must be applied to a small point on the surface of (1).

e Component (1) is very thin and was bending during the test.

e Because most parts are made of plastic, their elasticity caused the system
positioning and adjusting problems, as well as stability complications. It should
be mentioned here that in the official experiments, all the components will be
made of metal, and these problems hopefully will be eliminated. The reason for
evaluating the system with plastic components is that they are faster and less
costly to manufacture than metal components.

e It was also observed that the surface of component (5) resting on the bottom of
the plate (1) did not make good contact.

e Component (4) broke during the experiment. The dotted line in Figure 100

shows the point from which it broke off.
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Figure 99: A schematic diagram that presents the forces and their angle applied to
the hip joint [46].

Pretest Value Unit
Width 12.700 mm
Thickness 3.175 mm
Platen Separation 50.800 mm
Test Rate 0.2 mm/s
Strain End Point 10.000 mm/mm
Data A;:;léisition 10 4z

Table 9: Universal testing machine settings.

Based on the above observations and problems, the following proposals were made to
improve the system:
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e The length of (6) will be reduced by 5cm and the pin at its end will be replaced
by a component with a smaller surface area to allow better precision of the body
force. The thickness of (1) will be increased to resist the bending forces.

e The top part of (5) will change shape to better apply to the bottom of the plate.

e The side parts of (2) should be suitably shaped so that the load cell can be placed
and adjusted more easily.

e Component’s (4) design should be altered in that way to mitigate the chance of
breaking again and to adapt better on the great trochanter.

e Component (3) can be reduced in size by using a smaller load cell, thereby

preserving space and making the system more user-friendly.

Figure 100: Component’s (4) point of break.

The system was then redesigned, incorporating the suggested changes, producing
its final form. The upgraded system is shown in Figure 101. All components were 3D
printed using a metal 3D printer to achieve high accuracy of their complex shapes. The
materials were specifically selected based on the experiment’s demands, requiring high
strength, resistance to oxidation due to cadaveric specimens, and good corrosion
resistance. These characteristics led to the selection of stainless-steel 17-4 PH, and a
plastic with high carbon content, which meet all these criteria and are more cost-
effective than many other alloys and materials.

The redesigned system has a more stable and robust structure which eliminates the
problems of positioning and adjusting. All components are optimized to fit perfectly
with the femur, minimizing the micromotions between the femur-setup system, and the

use of a smaller type of load cell was also taken into account, freeing up useful space.

University of West Attica, Department of E&EE, Diploma Thesis, Mandakakis Artemios



Monitoring the strains on cadaveric femoral bones with titanium alloy prosthetic stems

—

r
=

=

Figure 101: The final upgraded mechanical system (provided by 3¥ Ltd and
Akmelogi S.m.p.c.)

As an extend of this work, another type of loading setup was also designed for a
wider use. The aim of building this prototype system is to have a robust structure so
that it can be used in both static and dynamic load applications. The system’s layout
appears in the figures below with a more complicated structure, a larger number of
components, and a bigger size than the first system. The joint force can be multiple
times the body weight during various activities, like jogging and running. To simulate
these conditions in a lab, the loading setup must be able to withstand such heavy and
repetitive loads continuously. For that reason, the main component which is a 4cm X
4cm x 40cm pure iron rod, was initially chosen to be in such a large size, so the system
can sustain not just static loads but also dynamic loads for a long period of time without

showing any fatigue or deformation.

University of West Attica, Department of E&EE, Diploma Thesis, Mandakakis Artemios



Monitoring the strains on cadaveric femoral bones with titanium alloy prosthetic stems

(a) (b)

Py
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Figure 104: The second type of setup system that was designed for the experiment.

The rod (1) is the strong base of the system, where all the components are connected.
At the surface of the rod, there is a 30cm ruler to adjust the components’ position. (2)

is a moveable component, which can move along the axis of the rod adjusting the
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position of (4). (3) is also a moveable component that has the ability to move in the
same directions as (2). Its distance from the femoral head represents the lever arm of
the body weight. On its upper side, a hemispherical point has been created for the
mechanical press, so that the contact is made correctly. (4) is a specially designed socket
for the artificial femoral heads. The socket has a fixed angle of 18°, so that the joint
force is exerted correctly and its position at the vertical axis can also be adjusted by
inserting these special square tiles (Figure 105) between (2) and (4). (5) is created based
on the shape of the great trochanter to fit perfectly. (6) is a ruler that attaches to (8) and
is used to measure the lever arm of the abductor’s force. After the measurement, it can
be removed so it won’t bother during any kind of experiment. (7) is a protractor that
helps adjust the angle at which the abductor’s force is exerted at the great trochanter.
(8) is a 1.5cm x 1.5cm rod that adjusts the position of (5) and (6) on the vertical axis.
On its bottom and top there have been inserted coupling nuts to allow components (5)
and (9) to be attached to it using bolts. (9) is a base where the load cell is placed and
secured. It has the ability to extend and shorten its height, thus giving the opportunity
to use many different sizes of load cells. The bolt that appears on top of (9), in reality,
represents the load cell. The load cell is secured with one bolt at the top of (9) and with
a stud bolt (a solid bar with a circular cross-section that is fully threaded) on top of (8).

The entire system, except for components (4), (5), and (7), was constructed using
recycled iron objects and hand tools. Component (7) was chosen to be made of
aluminum because it was easier to create the elliptic void needed for the rotation and
angle adjustment of the abductor’s force. Initially, iron was considered for this
component, but the lack of special tools and machines made it feasible. Components
(4) and (5) have a very unique and complex shape, which is understandable that using
conventional tools it was impossible to construct them. 3¥ Ltd and Akmelogi S.m.p.c.
designed, 3D printed and provided these two components. They are made out of
stainless-steel with a small percentage of porosity so as to reduce weight.

After construction, the system components underwent further processing. First,
their surfaces were sanded smoothly to remove residues. Then, they were cleansed with
a nitro solvent to eliminate any remaining liquids. A special primer for metal surfaces
was then applied to improve paint adhesion. The components were painted with an anti-
rust paint and finally finished with a metal varnish to protect the paint from
environmental factors. For obvious reasons, (4) and (5) did not require further

processing after their construction.
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Figure 105: The special square tiles that can be used to adjust the position of (4) at
the vertical axis.

While building the system, a challenge arose in terms of “locking” the components
into place. Initially, hex bolts with regular nuts and flat washers were used. However,
since the system will be used not only in static but in dynamic load projects too,
vibrations will cause loosening, leading to unwanted movement of the components. To
eliminate this issue, specific hardware was selected. Lock nuts, which have an in-built
mechanism (usually nylon) to prevent loosening by creating friction against the bolt
threads, were chosen. Lock washers were also selected; their split and slight twist create
a spring-like effect, generating tension that helps prevent the bolt or nut from rotating.
In that way, it is certain that the components will remain in the desired place.

All the necessary features have been integrated successfully into this system. That
includes the lever arms, the forces, and the angles. At the same time, the system has a
very strong, robust structure with excellent control of the movement of its components,
resisting any kind of strain and vibration. The extra surface treatment of the parts also
gives the system resistance to environmental factors and oxidation. Another significant
advantage of this system is its cost-effectiveness. The materials and tools required for
its construction are inexpensive, making it an economical choice for various
applications. However, its reliability for experimental use is still debatable, because
there haven’t been any experiments to test its integrity.

Experimental process

The first specimen that was mechanically tested was the intact femur. Component
(4) (Figure 101) was attached to the great trochanter of the specimen using PMMA to
ensure that would remain in place during the experiment. At the same time, the base of
the femur was also embedded in PMMA at an angle of 11° (based on Figure 99) as
shown in the figure below.
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Figure 106: Attachment of component (4) at the great trochanter and embodiment
of the intact femur with PMMA.

The loading setup was then placed on the femur and the whole system was attached to
the press. A preload of 45N was required to stabilize the setup-femur system in place.
The load cell was placed at component (3) and connected directly to its recording device
to monitor the abductors force. The system was calibrated based on the donor’s
information, ensuring that the lever arms of the abductor’s force and the body force
have the correct lengths (lever arm of abductors force 44.5mm and lever arm of body
weight’s force 69mm), as well as for the angles of the forces. The press was set with
the same settings that were used in the test experiment for the evaluation of the
makeshift setup (Table 9).

The DIC system that was used for this experiment is presented in Figure 107. It
uses two cameras to capture the deformations of the femur at two different planes.
Specifically, one camera captures the deformations at the horizontal plane while the
other at the vertical plane. The DIC system was calibrated using the same process that
was described in detail in 4.4. The maximum loads to be applied to the bone are also
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determined based on the donor’s information. Thus, the maximum values of the body
force and the abductor’s force are, 800N and 1200N (1.5 x Bodyweight force),

respectively.

By

e il

B\ /=

A
Figure 107: Setup of the DIC system.

After preparing and calibrating the experimental setup (Figure 101), the specimen was
ready for static-compressive forces. In the first attempt, the femur was loaded, reaching
a maximum body force of 810N and an abductor’s force of 1210N. The femur sustained
the maximum load for 3 continuous minutes without exhibiting any damage or cracks.
The loading setup demonstrated excellent performance, with all components remaining
in place throughout the entire loading period.

The femur was subjected to four additional loading cycles, achieving the desired
forces, and both the femur and setup system performed well. Data captured by the
Digital Image Correlation (DIC) system was processed using specialized software
called “Istra 4D”. The table below summarizes the maximum forces achieved and the
performance of the system during the five loads. Displacement data obtained from DIC
and graphs from the press are presented further below.
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Table 10: Summary of the maximum loads and the performance of the intact femur
and loading setup during the experimental procedure.

Maximum Maximum Load Retention | Loading setup
Body Force | Abductor’s force (3 mins) performance

No unwanted

First attempt ~810N ~1210N Successful displacements of

the components

No unwanted

Second attempt ~807N ~1207N Successful displacements of

the components

No unwanted

Third attempt ~810N ~1210N Successful displacements of

the components

No unwanted

Fourth attempt ~810N ~1210N Successful displacements of

the components

No unwanted

Fifth attempt ~810N ~1210N Successful displacements of

First Attempt — Intact femur

First Attempt - Intact Femur

Load (kN)

/
P
] 1 2 3 4 5 6 7 8 k] 0 11 12 13 14 15 16

Displacement of Press (mm)

Figure 108: Development of the load as a function of the vertical displacement of
the press — First attempt intact femur.
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Figure 109: First attempt — Displacements of the femur under static-compressive
load on x-axis (a) and on y-axis (b).

Second attempt — Intact femur

Second Attempt - Intact Femur
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Figure 110: Development of the load as a function of the vertical displacement of
the press — Second attempt intact femur.
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Figure 111: Second attempt — Displacements of the femur under static-compressive
load on x-axis (a) and on y-axis (b).

Third Attempt — Intact femur

Third Attempt - Intact Femur
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Figure 112: Development of the load as a function of the vertical displacement of
the press — Third attempt intact femur.
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Figure 113: Third attempt — Displacements of the femur under static-compressive
load on x-axis (a) and on y-axis (b).
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Figure 114: Development of the load as a function of the vertical displacement of
the press — Fourth attempt intact femur.
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Figure 115: Fourth attempt — Displacements of the femur under static-compressive
load on x-axis (a) and on y-axis (b).
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Figure 116: Development of the load as a function of the vertical displacement of
the press — Fifth attempt intact femur.
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Figure 117: Fifth attempt — Displacements of the femur under static-compressive
load on x-axis (a) and on y-axis (b).

After the mechanical evaluation of the intact femur, the operated specimen was
prepared in the same manner for the experiment. It was adjusted to the loading setup
and the press, and the equipment was calibrated again (Figure 118). Because this
specimen has an implant, the lever arm of the body and abductor’s forces changed to
52mm and 33.5mm, respectively.

An unexpected event occurred during the preparation of this specimen. The
component placed on the great trochanter was secured with PMMA, as previously
mentioned, to ensure it remained in place throughout the experiment. However, due to
the rapid polymerization of PMMA and the closed structure of the part being placed,
the femur at that point developed a high temperature exceeding 80 degrees Celsius,
causing damage to the bone (Figure 119). Bone tissue is damaged at temperatures of
50 degrees Celsius and above, a phenomenon known as thermal osteonecrosis [124].
Despite this issue, the experiment continued without further adaptability problems in

the experimental setup.
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Figure 118: The adjustment of the operated femur with the femoral stem to the
press.
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Figure 119: This figure presents the damage at the great trochanter done by the
excessive temperature that was developed by the polymerization of the PMMA.
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The first two attempts were stopped because the press extension exerting force on
the system collided with the load cell. The first attempt stopped at 482N and the second
at 500N. To continue the experiment, the load cell was removed, and the specimen was
loaded a third time. However, the third attempt was stopped at 385N because the
component in the great trochanter came out of position because a small area of the great
trochanter was shattered. This was expected due to the previous damage to the greater
trochanter. At this point, the experimental procedure was halted, as the implanted stem
could no longer adapt to the loading setup. Below is the development of the load on the
specimen during the three attempts. Since the maximum load was not reached, the DIC
results for the implanted femur cannot be compared with those of the intact femur.

First Attempt - Implanted Femur

0,55
0,5
0,45 ..._——JA"’"
0,4
0,35 »
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01 ,/
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0 1 2 3 a 5 6 7 8 9 10

Displacement of Press (mm)

Figure 120: Development of the load as a function of the vertical displacement of
the press — First attempt implanted femur.
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Figure 121: Development of the load as a function of the vertical displacement of
the press — Second attempt implanted femur.
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Third Attempt - Implanted Femur
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Figure 122: Development of the load as a function of the vertical displacement of
the press — Third attempt implanted femur.

For the intact femur, the graphs generated by the press software show an almost
linear behavior during the loading phase, which was expected. However, within the
same region of the graphs, there are minute, sudden dips. These points are critical
because they can indicate significant changes in the material’s behavior under load,
unwanted displacements of the system’s components, or calibration-measurement
errors.

Since there were no observable fractures or cracks in the femur during the five
attempts, it is debatable whether the material’s behavior caused these dips. At the same
time, the system performed excellently, with no slippage or misalignment of the
components in the testing setup that could cause a temporary reduction in the measured
load. Therefore, the most likely cause of these dips is measurement errors, though
further investigation is needed to confirm this hypothesis.

The DIC results for the intact femur show that on the x-axis, the highest strain
values are concentrated near the top, close to the superior neck where the compressive
load is applied. The vertical strains on the y-axis appear to be the highest at the back of
the medial diaphysis and under the great trochanter. These regions are expected to have
the highest strains because, as the femoral head is subjected to load, the neck
experiences more tensile (superior part) and compressive (inferior part) forces on the
x-axis, while the medial diaphysis experiences more tensile (back part) and
compressive (front part) forces on the y-axis. The same results were presented in the

theoretical part of this work (Chapter 2), where other experimental works were
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discussed, including a wide range of applications such as cadaver studies, numerical
simulations, and composite femurs.

For the implanted femur, the only available data is from the press software, as the
DIC results could not provide comparative characteristics with the intact femur, since
the load did not reach its maximum value. For the first two attempts, linear behavior
was observed until the point the experiment stopped. However, the graph from the third
attempt shows a unique behavior with multiple dips. This graph is not linear, which is
expected since a small part of the great trochanter was shattered. The micromotions of
the great trochanter’s component caused the system to lose load bearing capacity while

the press continued to apply pressure.
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6. CONCLUSION AND DISCUSSION
The present scientific venture involved the evaluation of the mechanical properties

of cadaveric specimens by simulating a realistic environment of human joint forces.
Working with cadaveric specimens requires tremendous focus, a lot of preparation, and
profound knowledge to ensure the experiment’s effectiveness and success. To meet
these demands, the theoretical part of this work referenced multiple scientific fields that
are crucial for its completion.

The historical context of THA in chapter 1, was essential for enriching the
understanding of current practices and offering valuable lessons for future
advancements. The evolution of contemporary THA was then discussed, highlighting
significant technological achievements and techniques, such as additive manufacturing,
robots, and extended reality. Engineers and researchers must continue to advance these
factors to ensure the ongoing success of THA, especially given the projected increase
in THA procedures in the coming years. Without continuous innovation, the implant
industry and the medical facilities may struggle to meet future demands.

Understanding hip biomechanics and how strains are distributed in the femur under
load was the next critical step in this work. The biomechanical field is directly linked
to the success of this experiment; the better this field is understood, the more accurately
hip conditions can be simulated. A two-dimensional schematic showing the main forces
at the hip on a frontal plane was used to explain the balance of the hip during a single-
leg stance. The magnitudes of the body force and the abductor’s force are influenced
by their lever arms and the angles at which they are exerted on the femur. The
construction of the loading setup in the experimental phase was based on this 2D
schematic. Although a realistic 3D schematic involves more forces, including
contributions from ligaments and other muscles, simplified models have been proven
to offer realistic insights into moments and forces [125]. Perhaps as an extension of this
work, a more detailed and complex model could be explored for even greater accuracy.

Understanding strain distribution on the femur was also crucial. This part of the
research involved reviewing other studies, including cadaver experiments, numerical
simulations, and tests on composite femurs. This created a database that served as an
evaluation tool for the reliability of the experiment’s results.

At the same time, significant attention was given to solids engineering.
Understanding the mechanical properties and behavior of biomaterials and bone tissue

is a key element of research. The anisotropic nature of bone tissue makes it challenging
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to understand its behavior and mechanical properties, which in turn complicates the
production of biomaterials for implant construction. The design of implants requires
selecting materials with appropriate mechanical properties, such as a low Young’s
modulus to ensure correct stress distribution and prevent the stress-shielding effect.
Modern biomaterials, such as titanium alloys, exhibit excellent mechanical properties
and, when combined with additive manufacturing techniques, can produce effective
implants with complex shapes. However, implants are still far from replicating bone
tissue to a high degree, necessitating ongoing research in biomaterials and implant
design and construction.

The theoretical part also analyzed biomechanical sensors and techniques that
provide strain distribution and displacement data for the implant-bone system. Some of
these tools have been foundational in the biomechanical field for decades, while others
have emerged recently with advanced capabilities due to rapid technological
development. Digital Image Correlation stands out among these tools, offering superior
strain monitoring capabilities compared to other sensors. Its ability to capture even at
the smallest points the deformations across multiple planes makes it indispensable in
current experiments, which is why it was used in the present work.

All of the above created a foundation on which the experimental procedure was
constructed. The experimental phase was divided into two main parts. The first part was
a critical step, specifically focused on designing and constructing a mechanical system
capable of accurately replicating the forces acting on the hip joint. The more accuracy
achieved, the more reliable the experimental results would be. As explained in Chapter
5, the system needed to possess specific features based on the previously presented two-
dimensional schematic of the hip joint.

During the first part of the experimental phase, the first system was successfully
constructed and tested, incorporating all necessary features, such as the body force,
abductor’s force, the lever arms of both forces and their respective angles. The system
was made from stainless steel and a high-carbon plastic, materials chosen for their
excellent mechanical properties, including good mechanical strength, corrosion, and
oxidation resistance. These materials ensured that the system could be used in multiple
load applications without showing damage or wear, and their cost-effectiveness made
the system economical to create.

The system performed excellently during all load tests, with no unwanted

movements of its components. A small defect was observed at the component that
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attaches to the great trochanter, which led to the shattering of the implanted femur’s
great trochanter. This issue arose because the component’s closed design caused high
temperatures during the application of PMMA, resulting in bone damage. To avoid
future complications, this component could be redesigned with a more open form or
multiple openings to dissipate heat during PMMA polymerization, reducing the risk of
bone damage. In addition, a small adjustment to the position of the load cell needs to
be considered so that in future experiments will not collapse with the extension of the
press, as it happened during the mechanical evaluation of the implanted femur. Despite
these two issues, the system proved to be a reliable tool for evaluating the mechanical
behavior of cadaver specimens.

The second system created was an extension of the current work and served as a
prototype. This system was specifically designed for dynamic load applications. Its
large size, robust, and stable structure enable it to sustain massive repetitive loads
without deformation or fatigue. The design allowed easy adjustment of magnitudes,
such as lever arms and angles, and employed special hardware to “lock” components in
the desired positions, ensuring no unwanted movements during dynamic tests. Most
components were created using recycled iron objects and hand tools, making the system
very economical.

Surface treatment of the components provided resistance to oxidation and
protection from environmental factors. However, in its current state, the system requires
optimization before it can be used in experiments. Since it was constructed using hand
tools, the precise sizes and distances of the components were not entirely accurate
achieved. Advanced manufacturing techniques, such as additive manufacturing, should
be used to create its components accurately. Additionally, the primary material used
was iron, which, while strong, is susceptible to oxidation. Although surface treatments
were applied to prevent oxidation, this is only a temporary solution. Friction from the
movement of components during system calibration will eventually wear down the
protective layers. Therefore, materials resistant to oxidation, such as stainless-steel or
titanium alloys, should be used for the system’s manufacture.

Moreover, the system’s structure is relatively large and heavy, weighing
approximately 10kg, which could create stability and adjustment problems.
Optimization should focus on reducing the size and weight without compromising

mechanical strength and structural robustness.
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The second part of the experimental process involved the mechanical testing of the
specimens. The intact femur reached the maximum load in all five attempts. As
presented in Chapter 5, the press graphs showed the development of the load in the
femur as a function of the displacement of the press, displaying a linear behavior, which
was expected. The only issue observed in these graphs was sudden dips, which raised
concerns. These dips indicate a reduction in load while the press continues to apply
pressure, which is unusual. Possible factors, causing this behavior include fragments
and cracks in the femur, misalignments, and displacements of the loading setup
components, or calibration-measurement errors.

As explained during the experimental phase, there were no observable cracks or
fragments on the femur, and the system demonstrated excellent performance without
unwanted movements of its components. Without further investigation, the only
reasonable cause for these dips appears to be measurement errors caused by noise. The
DIC results for the intact femur showed the biggest strain concentration at the medial
diaphysis and the femoral neck. Comparing these results with the studies presented in
Chapter 2, these findings can be considered reliable. Thus, the specimen was well-
prepared, and the system correctly replicated the forces.

For the implanted femur, due to the damage at the great trochanter, the maximum
load could not be achieved. However, from the limited data collected from the first two
attempts, the implant-bone system exhibited a linear behavior to the intact femur, this
is insufficient to evaluate the integrity of the implant fully. Given the limitations
inherent in cadaver specimens, it would not be possible to re-evaluate the implanted
femur.

These complications and errors should be considered valuable lessons for future
studies. Understanding the potential challenges and limitations encountered in this
experiment can guide improvements in both experimental design and methodology.
Future research should focus on optimizing the loading setups and addressing
measurement noise to enhance the accuracy and reliability of the results. Additionally,
further investigation into the behavior of implanted femurs under load, considering the
damage and constraints observed, will be crucial for advancing the knowledge in this
field.
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