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INTRODUCTION

The objective of the present doctoral thesis of the doctoral thesis was to define and
verify a protocol for the analysis of explants from the category of metal implants for
osteosynthesis, made of austenitic stainless steel and titanium alloys, in order to establish their
causes of failure, through associated use. of classical methods of investigation
(stereomicroscopy, optical microscopy) with some modern methods of investigation (scanning
electron microscopy associated with X-ray spectroscopy with energy dispersion, finite element
analysis), as well as the implementation of verification of chemical composition and chemical
homogeneity at the level of the metal implant by SDAR-OES spectrometry

The structure by chapters of the present doctoral thesis is presented in the

following:

Chapter | entitled ""Medical Clinical Aspects' brings together information from the literature
on the skeletal system and its importance in the human body.
Chapter 11 entitled ""The current state of implants for osteosynthesis' describes important
aspects about damage to the bone system, bone fractures, the materials from which implants
are made, but also the types of osteosynthesis implants used in medical practice.
Chapter 111 entitled ""Experimentally used materials, methods and equipment™ describes the
experimental materials used, the work protocol followed in the case of the thesis and all the
analysis techniques and equipment used for characterization.
Chapter 1V entitled "Experimental results on the analysis of metal implants for
osteosynthesis™ presents the experimental results obtained from the activities of structural,
morphological and compositional characterization of explants.
Chapter V entitled ""Conclusions™ is a final chapter in which the original conclusions and
contributions are presented. Also, in this chapter are listed the personal contributions made
during this research.

CHAPTER 1. MEDICAL CLINICAL ASPECTS
1.1. GENERAL CONSIDERATIONS

Bone is an extremely complex organ, which contains different types of tissue (blood,
connective tissue, nerves, bone tissue) and represents 15% of body weight in newborns, 17%
in adults up to 50 years and 14 % in the elderly [1]. This body has a resistance structure, adapted
to the mechanics of the musculoskeletal system, but in permanent modeling and remodeling
(renewal).

The major function of bones is to provide support, which allows the human body to
maintain an upright position, as well as mechanical functions and protective function of vital
structures such as the brain and intrathoracic organs.CAPITOLUL 2. STADIUL ACTUAL AL
IMPLANTELOR PENTRU OSTEOSINTEZA

2.1. FUNDAMENTALS OF THE BONE PROTESION APPROACH

In terms of progress in the field of biomaterials, the aim is to increase human quality
and longevity and thus to increase the effectiveness of biomaterials used [ISO 10993].
Therefore, any medical device used in implantology must comply with requirements regarding:
proper design and manufacturability, biocompatibility, mechanical properties, wear resistance,
corrosion resistance, osseointegration.
3
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2.2. CURRENT STATE OF METAL BIOMATERIALS

2.2.1.1. The current state of stainless steels

The three main alloying elements in the most commonly used stainless steel (316L) are
Cr, Niand Mo. Cr alloying leads to the formation of a self-regenerating protective layer (passive
layer of chromium oxide-Cr203) which is facilitated by immersion of the alloy in a
concentrated solution of nitric acid. This passivating layer provides resistance to chemical
attack and a high degree of electrical resistivity, thus ensuring very good protection against
corrosion [1].

2.2.1.2. Current status of titanium and titanium alloys

Due to the excellent properties of titanium, namely the moderate modulus of elasticity (approx.
110GPa), good corrosion resistance and low density, titanium and titanium alloys are widely
used as medical devices respectively artificial joints, bone fixators, spinal fixators, dental
implant etc. [2-3]. Titanium has the following chemical and mechanical properties respectively:
density equal to 4.5 g / cm3, mechanical strength (Rm), equal to 241Mpa for Ti of purity
99.175% and 550 MPa for Ti of purity 98.63%; elongation (Ti 99.175%) of 24%, high
refractoriness, high corrosion resistance in aggressive environments [4].

2.2.1.3. The current state of magnesium alloys

Magnesium-based alloys have begun to attract the attention of researchers, so alloys such as
Mg-8Al and Mg-4AIl-0.3Mn have been investigated, in which slow degradation and the
formation of a new callus have been observed, as well as the fact that Mg is complete.
resorbable, non-toxic, has an anesthetic effect and it is also found that the formation of gas
cavities associated with the implantation of Mg alloys has no negative effect on the body [5,6].
For the use of biodegradable implants in orthopedic applications to be possible, they must meet
requirements regarding their properties / characteristics such as [7]: adequate mechanical
strength, ductility, fatigue strength, biocorrosion resistance.

2.2.2 Types of implants for osteosynthesis
A fracture is a discontinuity in the bone axis caused by an overload, being unstable it
requires osteosynthesis for temporary stabilization.

Screwed metal plate osteosynthesis aims to fix the fracture through a simple
mechanical system as a principle, but which works asymmetrically on a heterogeneous bone
substance as a mechanical structure and behavior. In the case of fractures located at the
extremities, the monobloc plate-plate or blade-plate systems are used, introduced at the
diaphyseal-epiphyseal junction, which ensure a good osteosynthesis of the epiphyseal fractures.
Of the existing fastening systems of the nail-plate, blade-plate or screw-plate type, the ones that
show favorable results are the screw-compression type (DKP, DHS- for the upper end of the
femur, DCS- for the lower end of the femur ).

For isolated osteosynthesis, screws are used to bring together bone fragments. There are
basically two main categories of screws, namely those for the cortical bone (self-tapping screws
and AO screw), and those for the spongy bone that have a wide-pitched helix-shaped thread.
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CHAPTER 3 RESEARCH METHOD

3.1. The purpose of the doctoral thesis

The main purpose of the doctoral thesis was to define and verify a protocol for analyzing
explants in the category of metal implants for osteosynthesis, made of austenitic stainless steel
and titanium alloys, in order to establish their causes of failure, by the associated use of classical
methods. (stereomicroscopy, optical microscopy) with some modern methods of investigation
(scanning electron microscopy associated with energy dispersive X-ray spectroscopy, finite
element analysis), as well as the implementation of chemical composition and chemical
homogeneity verification at the metal implant by SDAR-OES spectrometry.

3.2. The objectives of the doctoral thesis

1. Definition and verification of a protocol for the analysis of metal implants for osteosynthesis
in order to investigate and establish their causes of failure.

2. Application of the method for estimating the uncertainty of the measurement of elemental
concentrations with SDAR-OES equipment to verify the chemical composition of the metallic
material and the chemical homogeneity of the implant

3. Assessment of the chemical conformity of several implants such as metal implants for
osteosynthesis

4. Establishment of the failure mechanism for a number of 7 different explants, such as metal
implants for osteosynthesis, made of austenitic stainless steel and titanium alloys.

5. Highlighting some problems encountered in clinical practice regarding the use of screws for
fixing osteosynthesis plates, being identified the phenomenon of corrosion in the crevasse,
which in association with the micromovement of the screws leads to a faster rupture.

6. The associated use of classical methods of investigation (stereomicroscopy, optical
microscopy) with some modern methods of investigation (scanning electron microscopy
associated with X-ray spectroscopy with energy dispersion, finite element analysis) to establish
the mechanisms of failure in the case metal implants for osteosynthesis, made of austenitic
stainless steel and titanium alloys.

3.3 ESTABLISHMENT OF THE PROTOCOL FOR THE EXPLANATION OF MEDICAL
DEVICES
In order to identify the causes that led to the failure of the implants, a protocol was established
which was subsequently applied to the cases studied. The protocol for explanting medical
devices is presented in table 3.1.

Table 3.1 Protocol for explanted medical devices

Degree of

I. Clinical data Information obtained . -
importance

Name, Surname, Age, Sex

Internal diagnosis YEAR
Clinical observation sheet (number) PO
Date and hospital where the implant was performed N
Patient record Date and hospital where the explant was performed N
The reason for exploding the medical device YEAR
Identification of the exploded device (type and components) YEAR
Medical device data (batch number, series, manufacturer) December
Remarks December
Radiological images Identification of broken components of the implant YEAR

View callus format

Visual observation of | Possible organic deposits and identification of observed irregularities
prosthetic components
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|1 Data on biomaterial

Information obtained Degree . of
importance
Analysis of the design and | Correlations between implant design and type of medical condition YEAR
biomaterials used Identify the appropriate use according to the medical condition YEAR
111 Methods used to Degree of

investigate the explant

Information obtained

importance *

Argon-spark  excitation | Measurement of the elemental composition of biomaterial YEAR
optical emission | Estimation of chemical homogeneity of biomaterial (Y / N *) and
spectrometry (SDAR- ["Chemical conformity assessment of biomaterial (C / N *) and
OES)
Macroscopic analysis by | Identify the rupture mechanisms that led to implant failure and
macrophotography  and | Observation of rupture surfaces and identification of the type of rupture and
stereomicroscopy
Identification of typical microstructural characteristics for the N
Optical microscopy tests investigated alloy
Identification of potential structural defects and
Measurement of the elemental composition in the areas of interest of the N
. biomaterial
2%2;;?3 and EE;:;T?A mggﬁzr?ilsrgz of breaking surfaces In order to identify breaking and
Microscopy (SEM-EDS) —— - - — - .
Identification of possible structural inhomogeneities (inclusions) in the and
rupture zone
Biomechanical analysis by iSr:]rglu;::ion on the distribution of alloy stresses depending on the type of December
FEA  method (Finite Intercomoan rm s obtamed In the Simulati rE—
element analysis) parison of the results obtained in the simulation regarding the UEC

mechanical behavior of the bone and the implant

*Imperative; AN absolutely necessary; Necessary; DEC- if applicable; UEC where applicable;

PO- can be omitted;

Following the evaluation of a number of 20 explants were identified: 1 explant used for
osteointegration of the clavicle, 6 explants used for osseointegration of the humerus bone, 7
explants used for osseointegration of the tibial bone, 6 explants used for osseointegration of the
femur bone. The selection criterion of the 7 investigated explants was based on their use in the
type of fractured bone and the type of material.
Table 3.2 shows the type of explant, the type of bone and the type of alloy used.

Table 3.2 Presentation of the investigated evidence in the thesis

Nr. crt | The type of explant Device data Bone type _ | Type alloy predicted Sample
code
1 Plate anatomical , with Clavicle - plate - non- alloy
screws blocked for titanium PS1
clavicle fractures _ c* —
- unalloyed titanium PS1-
screw screw
2 Plate with screws type humerus - plate - non- alloy
LCP for humerus titanium
C=* . PS2
fractures _ - unalloyed titanium
screw
3 Rod  intramedullary C* humerus Steel 316L stainless TCS3
Siedel steel
4 t?t?igl intramedullary C* tibia Ti -6A-4V TCTa
5 Rod intramedullary calf Ti -6A-4V
tibial titanium; Screw c* TCT5
4.5mm latch
6 Rod cenfcromedullary C* Femur Ti -6A-4V TCE6
femur, universal
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7 Rod centromedullary
femur

Steel 316L stainless
steel

Femur
TCF7

C * Data about the device that is known but cannot be mentioned nominally so as not
to infringe the right to the protection of personal data!
In the following will be presented the results of the investigations on the extracted implants
(explant) that failed, applying the implemented protocol.

CHAPTER 4 EXPERIMENTAL RESULTS ON THE ANALYSIS OF
METAL IMPLANT IMPLANTS FOR OSTEOSYNTHESIS

4.2. EXPERIMENTAL RESULTS

4.2.1. Sample PS1

4.2.1.1. Clinical data on the implanted patient

Table 4.1 Clinical data of the patient

PATIENT
( name, surname, age, sex )

LA, 28; male

INTERNAL DIAGNOSIS

Clavicle fracture ( right)

CLINICAL OBSERVATION SHEET
(number)

DATE and HOSPITAL in which the implantation
was performed

Orthopedic Clinic 2, Colentina Clinical Hospital
Bucharest

DATE and HOSPITAL in which the explant was
performed

Orthopedic Clinic 2, Colentina Clinical Hospital
Bucharest

THE REASON
MEDICAL DEVICE

FOR EXPLANING THE

Rupture of the metal implant for osteosynthesis and
clavicle fracture, 3 months after primary implantation

IDENTIFICATION OF THE EXPLANTED
DEVICE (* type and components )

Anatomical plate with locked screws for clavicle
fractures

DEVICE DATA
(* batch and device serial number, manufacturer)

C*
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Fig. 4.2. X-ray images of the PS1 sample a) Before rupture (initial implantation), b) after
rupture, ¢) CT image with 3D reconstruction pr-revision intervention (part of the operating
protocol)

4.2.1.2. Investigations into chemical composition, chemical conformity and
homogeneity assessment

4.2.1.2 a) Measurement of local chemical composition

The evaluation of the chemical homogeneity of the PS1 sample was performed at the level of
the test piece (sample), at which level the chemical homogeneity test is considered to be of the
"in-bottle™ type. Thus, for the evaluation of chemical homogeneity, the t-Student statistical test
was applied using the experimental standard deviation of the means.

The reporting of the obtained results was performed in accordance with the values of the
concentrations of the elements specified in the standards ISO 5832-3: 2016 (in the case of the
screw) and ISO 5832-2: 2018 (in the case of the plate). Following the application of the t-
Student test, it was found that the PS1 test satisfies the homogeneity criteria for all the elements
specified in the standard.

In the case of the PS1-screw sample, a sufficient number of measurements could not be
performed to be able to apply the t-Student test in order to evaluate the chemical homogeneity
due to its limited dimensions.

4.2.1.2 b) Chemical conformity assessment

The chemical conformity assessment was performed both in detail taking into account the
results of measurements locally and globally (synthetically) using the mean of the averages (¢)
and the uncertainty of the mean of the averages (U_c). Thus, in the following will be presented
the results obtained

Table 4.2. Overall results of the chemical conformity test (CC) corresponding to the PS1 sample

Element [%] Fe C N
LS? max 0.30 | max 0.1 | max 0.03
LI? - - -
¢ 0.246 0.035 0.008
U [95%] 0.005 0.004 0.0025
LSB?® 0.295 0.096 0.0275
LIB3 - - -
TCC* 1 1 1

1 Upper limit; 2 Lower limit; 3 Acceptance tape; 4 the result of the chemical conformity test

Following the assessment of the chemical conformity of the rod at local and global level,
it can be stated based on the results obtained that Ti is compliant in terms of element
concentrations and if the extended measurement uncertainties are taken into account (U [95%])
it can be stated that the alloy subjected to measurements corresponds to the predicted mark.

In the case of the PS1-screw sample, a global chemical conformity assessment was
performed based on 5 measurements. Thus in table 4.17 the result of the chemical conformity
test is represented. To verify the deviation of the SDAR-OES spectrometer, the certified
reference material of MBH Analitycal LTD BS T-5A type was measured 10 times. The
extended uncertainties (U) with a 95% confidence level associated with the concentration
specified in the standard were calculated and the chemical conformity assessment test was
performed.

Table 4. 3. Overall results of the chemical compliance test (CC) - corresponding to the PS1
sample - screw

Element [%] C N Fe \ Al
LS™ | max0,08 | max 0.05 | max 030 4.5 6.75
L - - 35 55

z 0011 | 0007 0.146 2.01 5.09
U[95%] | 0.001 | 0.0005 0.004 0.013 0.275

8
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TCC* 1 1 1 1 1

After performing the chemical conformity test, it can be stated that the screw meets the
conformity requirements with the brand specification.

In conclusion, for both test types PS1 and PS1-screw respectively the chemical compliance test
reveals that they comply with the brand specification, therefore the non-conformity of the
material can be eliminated as an influencing factor that would have led to the failure of the
osseointegration plate.

4.2.1.3. Macroscopic analysis and microscopy tests (MO and SEM) to investigate the explant
in terms of macrostructure, microstructure and morphology of the breaking surface

Figure 4.3 shows the macrograph of the implant used for osteosynthesis of the fracture
in the right collarbone. To identify the type of rupture, the fracture surfaces were analyzed using
the stereomicroscopy method (c, d). Experimental samples were taken from the exploded screw
plate

¢ ‘
FIG. 4.3. Images of the breaking surface a) macrograph of the screw plate b, c¢) details of the
breaking surface

Following the analysis of certified clinical data and the results obtained following the

investigation by medical imaging, the fixing of the plate was performed by inserting 7 screws

inholes 2, 3,5, 6,12, 13, 14. It can be seen in Figure 4.3 a) that the rupture of the plate occurred

near the hole 10 and in the inserted image the breaking surface can be observed. Figure 4.3 b,

c) shows details of the breaking surface which reveals the appearance of the breaking areas and
implicitly the type of breaking and respectively fragile breaking.

Figure 4.4 shows optical microscopy images of the two resulting samples, respectively

sample 1 in longitudinal section and le 2, in cross section.

=
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_No) = d)
FIG. 4.4. Optical microscopy images of samples 1 and 2 (PS1 sample); a, b) longitudinal
section; c, d) cross section .

e o

b ‘SOum vv < ?tb';\ . . M
Fig 4.5. SEM images of the breaking surface a) morphology of the breaking surface of zone I,
b) detail associated with figure a), c) detail associated with figure b); d) morphology of the
breaking surface of zone I, e) detail associated with figure d), f) detail associated with figure e)
a. Screw 2, magnification 25x b. Screw detail 2, 100x magnification

c. Screw 2, magnification 25x d. Screw detail 2, magnification 100x

10
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Figure 4.6. SEM images of two screws a) screw 1 b) detail associated with figure a); c) screw
2 d) detail associated with figure d)

Following the SEM analysis it can be seen in figure 4.6 (a) the tendency of flattening of
the helical rib of the screw 10 as a result of the force exerted by the plate following its rupture.

4.2.1.4. Finite element analysis

Due to the fact that the materials used in the case of osteosynthesis did not show material
defects and the chemical composition complied with the material specifications, it was
necessary to simulate the mechanical behavior of the stabilizing plate to identify possible causes
that could have leads to implant failure. Thus, the simulation of the board behavior was
performed by Ansys 12.0 finite element analysis. The default simulation model for the screw
plate was used in the analysis program (figure 4.7).

FIG. 4.7. Screw plate simulation model for humerus fractures

In order to identify the stresses acting on the clavicle stabilization plate when the
assembly is subjected to certain loads, it was necessary to simulate two types of stresses.

For the FEA of the plate, the following conditions were selected, respectively: static
structural analysis, division of the structure into finite elements (discretization of the structure)
and tetrahedral elements with a size of 2 mm, establishing the contacts of the finite elements at
their contour limits (figure 4.7 a, b ) and the introduction of data on the chemical and physical
properties of both the material and the bone.

Also, both analyzes use the same geometric pattern and loading scheme.

11
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Fig. 4.8 Representative image of the conditions established for the FEA a) Discretization of
the structure - network characteristic of the whole; b) establishing the contour conditions

In the analysis of the FEA with the conditions corresponding to request I, two aspects were
identified:

- the tension distribution follows the fracture direction of the bone

- by loading the collarbone in the direction of the anterior deltoid by more than 150 N, the stress
values exceed the material flow limit. In this case, the phenomenon of material rupture can
occur by initiating and propagating cracks that result in plate failure.

For the second type of stress (request 11) the analysis of the simulation of the behavior
of the screw plate was performed in the same way as in the case of the first type of stress, with
the difference that in this case the application of forces will be located in another area . Figure
4.9 shows the result of the simulation and the total distribution of the equivalent elastic stress
(Von Mises) at a load of 300 N following the activation of the pectoralis major.

Fig. 4.9. Representative image of voltage distribution (Von Mises equivalent)
at a load of 300N

4.2.2 PS2 test
4.2.2.1. Clinical data on the implanted patient

Table 4.4 presents the patient's clinical data, and Figure 4.14 shows images of bone
fracture obtained by conventional radiology.

Table.4.4 Clinical patient data

PATIENT XX, 62 years old; male
( name, surname, age, sex )
Transverse  humerus  fracture -
INTERNAL DIAGNOSIS consolidation  delay after orthopedic
treatment

CLINICAL OBSERVATION SHEET
(number)

DATE and HOSPITAL in which the implantation
was performed

Orthopedic Clinic 2, Colentina Clinical Hospital
Bucharest

DATE and HOSPITAL in which the explant was
performed

Orthopedic Clinic 2, Colentina Clinical Hospital
Bucharest

THE REASON
MEDICAL DEVICE

FOR EXPLANING THE

Rupture of the metal implant of osteosynthesis and
pseudoarthrosis of the humerus, 2 months after a
second fracture

IDENTIFICATION OF THE EXPLANTED
DEVICE (* type and components )

LCP screw plate for humerus fractures

12
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DEVICE DATA C*
(* batch and device serial number, manufacturer)

The patient was advised to follow a standard
postoperative program with immobilization for the
REMARKS first three weeks, followed by three weeks of passive
movement and a period of active movement
thereafter.

Spin:-100
0

FIG. 4.10. X-ray images a) of the fractured bone, b) of the screw plate - initial implantation, c)
of the screw plate after rupture, d) after revision with LCP Synthes type plate and autograft in
focus of pesudarthrosis, ) CT image with 3D reconstruction [153]

4.2.2.2. Investigations into: determination of chemical composition, assessment of chemical
conformity and estimation of compositional homogeneity

4.2.2.2 a) Measurement of local chemical composition

The evaluation of the chemical homogeneity of the exploded LCP type plate was
performed at the level of the test piece (sample), at which level the chemical homogeneity test
is considered to be of the "in-bottle" type. Thus, for the evaluation of chemical homogeneity,
the t-Student statistical test was applied using the experimental standard deviation of the means.

The reporting of the obtained results was performed in accordance with the values of
the concentrations of the elements specified in the 1ISO 5832-2 standard [150].

Following the application of the t-Student test, it was found that the PS2 test satisfies the
homogeneity criteria for all the elements specified in the standard.

4.2.2.2 b) Chemical conformity assessment

The chemical conformity assessment was performed both in detail taking into account
the results of the measurements locally and globally (synthetically) using the mean of the
averages ( ¢)and the uncertainty of the mean of the averages) ( Us).

Table 4.5 . Overall results of the chemical compliance test (CC) corresponding to the PS2 sample

Item [%] Fe C N
LS!? max0.30 max0.1 |max 0.03
LI?2 - - -

c 0.269 0.034 0.018

U [95%] | 0.005 0.004 | 0.0026

LSB? 0.295 0.096 0.0274
LIB? - - -
TCC* 1 1 1

1 Upper limit; 2 Lower limit; 3 Acceptance tape; 4 the result of the chemical conformity test

Following the assessment of the chemical conformity of the plate locally and globally, it
can be stated based on the results obtained that Ti cp Gr2 is compliant in terms of element

13
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concentrations and if the extended measurement uncertainties are taken into account (U (95%))
stated that the alloy being measured corresponds the envisaged brand.

4.2.2.3. Macroscopic analysis and microscopy tests (MO and SEM) to investigate the explant
in terms of macrostructure, microstructure and morphology of the breaking surface

From the point of view of the general appearance of the implant surface, it can be seen
that it shows pronounced marks of scratching around the rupture area of the implant (figure
4.11). These traces are due to the process of implant recovery performed with surgical devices.
At the macroscopic level, no specific corrosion characteristics were identified.

;l;; DEG

20 MM
FIG. 4.11 Macrography of the LCP type explant

It can also be seen in Figure 4.11 that the rupture of the implant at the 6th hole
at the near end of the humerus occurred, apparently in a straight line, but which forms an angle
of 76 degrees in relation to the longitudinal axis of the plate. On the right, respectively 65
degrees on the left [153].

Fractographic investigation of rupture surfaces reveals that the surfaces have specific
characteristics of adhesive wear (Figure 4.12 ae). The surfaces have been in contact under
compressive forces for a long time.

Fig. 4.12 Images of the breaking surface a) fractographic of the entire breaking area; be) details
of the breaking surface [153]

14
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d)
FIG. 4.13. Optical microscopy images of samples 1 and 2 (PS2 sample); a, b) longitudinal
section; c, d) cross section.

Figure 4.13 shows a microstructure characteristic of cp titanium with grains deformed
according to the direction of flow of the material, the macles within each grain being
proportional to the level of residual stresses. The grain size can be observed in cross section,
this being approximated to an equivalent diameter of approx. 35 + 50 microns. It is also
observed the presence of inclusions of size comparable to that of grains.

In order to substantiate the phenomena / modes of rupture that took place in the case of
the LCP type explant, investigations were performed in the area of its rupture using the SEM
method. EDS analyzes were also performed to determine the chemical composition.

= PRI T - A AT T
Y . ¢ § o "'.'\.”f

N
20 [Fm) L
FIG. 4.14 SEM images of the breaking surface a) overview of the breaking surface b) detail
associated with figure a) -area 1; c) detail associated with figure a) -zone 2; d) detail associated
with figure c); e) detail associated with figure d); f) detail associated with figure e )

The images in figure 4.14 e, f show morphological aspects specific to the cleavage, in
the direction of the local fissure. The second representative breaking surface is shown in figure
4.14 a). This surface corresponds to the part that gave way first and it can be seen that it has on
its entire surface morphological aspects specific to wear. It is also noted that it has non-
uniformity of the contour of the piece similar to the surface presented above [153].

4.2.2.4. Finite element analysis

In order to investigate the influence of the stress mode of the humerus on the implanted
stabilization plate, the construction of the geometric model was performed by entering the data
of the respective materials of the Ti and bone properties (table 4.36) and going through 3 stages.

15
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The steps that have been taken for the construction of the geometric model are:

a) reconstruction of the humeral bone shown in the CT image, using the Mimics
software

b) design of mechanical elements: plate and screws, using the SolidWorks 2013
computer-aided design program

c) assembly constraints and geometric constraints

Figure 4.15 shows: the division of the structure into finite elements (discretization of
the structure) on the established model ( 163485 elements, 94234 nodes), the established loads
and restrictions (fixed support point (A) flexion muscles (B and D), abduction muscles (E and
F), rotation muscles e (C) and joint reaction (G)), establishing the contacts of the finite elements
between the parties involved (figure 4.15 c, d, e), for use in simulation ( Ansys 13) .

G Fixed Support

-
Nt Torque Load
=i, (15Nm)
&L Transversal Joint Force

Bonded - 51 To placa

d)

Figure 4.15 shows: the division of the structure into finite elements (discretization of the structure) on
the established model ( 163485 elements, 94234 nodes), the established loads and restrictions (fixed support
point (A) flexion muscles (B and D), abduction muscles (E and F), rotation muscles e (C) and joint reaction
(G)), establishing the contacts of the finite elements between the parties involved (figure 4.15 c, d, €), for use in

simulation (Ansys 13)
Loading scenario 1. It refers to the stresses that appear in the plate when the subject

tries to flex the humerus, using the deltoid muscle, while at the level of the palm act discreetly
the weights of 1, 3, 5, 8 and 10 Kg.
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B: Humerus placa pg
Equivalent Stress
Type: Equivalent (vo
Unit: MPa

Time: 1

L1/7/2017 %:49 PM

2309.5 Max
15445
13514
1158.3
965.29
mn
519.17
386,12
193.06
4.1124e-8 Min|

5306
% 411248 Min
41124c-8Min

Fig. 4.16 Equivalent voltage distribution in the board: a) bone-plate overview; b) bone plate detail
(side view) associated with figure a); c) overview of the plate with screws (front side view); d)
overview of the screw plate (rear side view)

The second loading scenario refers to the demands that appear in the plate when the
subject tries to achieve humerus abduction, while at the level of the palm the same weights act
discreetly as in the case of the first scenario. Figure 4.17 shows the distribution of equivalent
von Mises stresses in the LCP plate when it lifts a mass of 10 K

B: Humerus placa, placa pos. corect L
Equiv

33153 Max

34784

am
7.35826-9Min

Fig. 4.17 Equivalent voltage distribution in the board: a) bone-plate overview; b) bone
plate detail (side view); c) overview of the plate with screws (front side view); d)
overview of the screw plate (rear side view)

The third scenario simulates the rotation trend achieved at the level of the rotator cuff
and the deltoid. The values used in this case are torque and not force. The level of torsional
stress was considered constant along the entire kinetic chain, and applied around the Z axis.
Figure 4.18 shows the distribution of von Mises equivalent voltages in the LCP plate [153].
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Tirn
LI/7/2017 10:01 PM

0.64942 Max
0.57726
0.5051

0.43295
0.36079
0.28863
0.21647
0.14432
0.072158
1.2383e-7 Mi

0012158
12383e-7 Min

Fig. 4.18 Distribution of equivalent voltage in the board when applying a torque of 5Nm: a)
plate-bone overview; b) bone plate detail (side view); ¢) overview of the plate with screws
(front side view); d) overview of the screw plate (rear side view)

The last scenario ( 1V ) simulates an action of pulling or pushing with the hand of an object that
generates in the elbow joint a reaction of 10, 30, 50, 100 and 200 N and that has a direction
perpendicular to the longitudinal axis of the humerus. In this case it is observed that above the
value of 100 N, the stresses in the plate in the critical area exceed the breaking limit

m— poz. corect paz. corec

Time: 1
WIA2917 16:41PM

1349.5 Max
0846

13495 Max
708.46
619.91
53135
44279
35423
26567
e
88,558
0.00013501

0.00013501 Min

Fig. 4.19 Equivalent voltage distribution in the board: a) bone-plate overview; b) bone plate
detail (side view); ¢) overview of the plate with screws (front side view); d) overview of the
screw plate (rear side view)

TCS3 test

4.2.2.1. Clinical data on the implanted patient

4.2.3.1. Clinical data on the implanted patient
Table 4.7 presents the clinical data of the patient according to the established protocol, and
Figure 4.20 presents images of bone fracture obtained by conventional radiology.
Table 4.7 Clinical data of the patient

PATIENT

S.LA, 64, F.
(name , surname , age , sex )

Status after right humerus fracture operated in the 8
INTERNAL DIAGNOSIS years ago . Pseudoarthrosis right humerus
Osteosynthesis material damaged .
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CLINICAL OBSERVATION SHEET

(number) 1334

DATE and HOSPITAL in which it was performed

. . 2005; another service
implantation

DATE and HOSPITAL in which it was performed

. 2013, SCUB Floreasca
explantation

REASON FOR EXPLANING THE MEDICAL

DEVICE Pseudoarthrosis with damage osteosynthesis material _

IDENTIFICATION OF THE EXPLANTED | Rod Seidel centromedullary ; Screw latching proximal
DEVICE (* type and component ) 4.5mm; Screw expansion .

a) 7 b)
FIG. 4.2 0 CT images of the plate with screws a) after rupture b) after feplacement of the
osteosynthesis implant

4.2.3.2. Investigations into: determination of chemical composition, assessment of chemical
conformity and estimation of compositional homogeneity

4.2.3.2 a) Measurement of local chemical composition

The estimation of the chemical homogeneity of the exploded centromedullary rod was
performed at the level of the test piece (sample), level at which the chemical homogeneity test
is considered to be of the "in-bottle" type. Thus, for the evaluation of chemical homogeneity,
the t-Student statistical test was applied using the experimental standard deviation of the means.

4.2.3.2 b) Chemical conformity assessment

The chemical conformity assessment was performed both in detail taking into account
the results of measurements locally and globally (synthetically) using the mean of the averages
( ¢©)and the uncertainty of the mean of the averages Uz).

Table 4.8 . Global chemical compliance (CC) test results

Item [%] C And min P S -R us Mo N With
LSt 510%;6 "fgx "2"‘6" max0.025 jmax0.1| 19 15 35 "5_“1" "5_“5"
L2 ; - - - - 17 13 2.25 - -
Con 0.024 0.421 1.76 0.013 | 0.004 |17.21 |1415 | 2.77 0.093 | 0.086

U [95%] 0.002 0.03 0.01 0.003 | 0001 | 0.1 | 0.01 0.02 0.01 0.01
LSB? 0.028 0.97 199 | 0022 |0.009 | 189 |1499 | 3.48 0.99 0.49
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LIB® - - - - - 17.1 13.1 2.29 - -
TCC* 1 1 1 1 1 1 1 1 1 1
1 Upper limit; 2 Lower limit; 3 Acceptance tape; 4 the result of the chemical conformity test

Following the evaluation of the chemical homogeneity, the elements C and Si do not
satisfy the homogeneity conditions. However, it can be seen that they meet the requirements
for compliance with the brand specification.

Following the evaluation of the chemical conformity of the rod at local and global level,
it can be stated based on the results obtained that the TCS3 sample is compliant Regarding the
concentrations of the elements and if the extended measurement uncertainties (U [95%]) are
taken into account, it falls within the specified limits.

In conclusion, the rod subjected to the measurement corresponds to the predicted mark,
respectively 316L.

4.2.3.3. Macroscopic analysis and microscopy tests (MO and SEM-EDS) to investigate the
explant in terms of macrostructure, microstructure and morphology of the fracture surface
Following macroscopic investigations it is observed that the rupture occurred in half _
_ proximal to the stem and the surface of the implant shows pronounced scratches of scratch
around the area of rupture of the implant (figure 4.21). These traces are due to the process of
implant recovery performed with surgical devices [154].

FIG. 4.34 Macroscopic image of the Siedel centromedullary rod showing the area of rupture

Figure 4.21 shows stereomicroscopy images taken on the rupture surface of the two
components that form the centromedullary Siedel rod.

‘" e L B A
FIG. 4. 22. Images of the breaking surface of the two parts of the rod a) fractographic of the
entire breaking area; b, e) details of the breaking surfaces; c, d) surface details associated with
the areas in figure b); f, g) surface details associated with the areas in figure e) [154]
Figure 4.22a, b) shows the global breaking surfaces of the two rod components.
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Figure 4.23 shows optical microscopy images of the resulting sample.

a) b)
FIG. 4.23. Optical microscopy images corresponding to the TCS3 sample

Figure 4.23 shows a typical structure of stainless austenitic steel, respectively the solid
austenite solution.

In the overall image corresponding to an area of the breaking surface of the rod (figure
4.24 a) it is observed that the surface has a smooth appearance typical for the phenomenon of
crack propagation during material fatigue but at the same time shows a region where its own
rupture occurred (final) and which presents different morphological aspects.

_ﬁ‘/ / J Yo RSN !
FIG. 4.24 SEM images of the breaking surface a) overview of a portion of the rod b) detail
associated with figure a); c) detail associated with the area marked in figure b); d) associated
with the area marked in figure b)

Figure 4.24 b shows traces caused by the instrument used by the doctor during the
implant removal maneuver. It is observed that the cracks at the microscopic level are oriented
in the same direction respectively NV-SE and extend on different planes with branch-type
distribution as shown in Figure 4.24 d).

making stereomicroscopy analyzes , microscopy _ optical and microscopy scanning
electronics have eliminated _ training imperfections _ and materials processing _ Right causes
of rupture . Lack inclusion in the breaking zone or some _ POTENTIAL FAULTS structure is
proof _ that the material from which it was made accomplished the implant does not constitute
the cause of its rupture .

After an analysis careful data _ clinical , rupture rod intramedullary can be attributed
breakage due to fatigue _ wear and tear to which it was subject in the the 8 years he was
implanted .

In conclusion, the rupture was caused by the wear of the material over time.

424 TCTA4 test
4.2.4.1. Clinical data on the implanted patient

Table 4.9 presents the patient's clinical data according to the established protocol, and
Figure 4.25 presents images of bone fracture obtained by conventional radiology.

21



Contributii in domeniul biomaterialelor utilizate si a evaluarii functionalitatii clinice a implantelor metalice pentru repararea fracturilor

Table 4.9 Clinical patient data

PATIENT
( name, surname, age, sex )

BM 43 years old, M.

INTERNAL DIAGNOSIS

Consolidation delay _ fracture tibial distance
right operated Osteosynthesis material
damaged .

CLINICAL OBSERVATION SHEET
(number)

DATE and HOSPITAL in which the implantation was
performed

2017; another service

DATE and HOSPITAL in which the explant was performed

2017, SCUB Floreasca

THE REASON FOR EXPLANING THE MEDICAL
DEVICE

consolidation partial of a break cominutive
with deterioration osteosynthesis material -
rod _ locked

IDENTIFICATION OF THE EXPLANTED DEVICE (* type
and components )

Rod intramedullary tibial

DEVICE DATA
(* batch and device serial number, manufacturer)

C*

REMARKS

Locking component distal with 3 screws - of
which 2 distal were stable but mobility
submitted through outbreak of the proximal
led to rupture rod level _ a from locking
holes

FIG. 4.25. X-rays of the implanted area - centromedullary shaft (front + profile 1/3 distal
leg with implant in situ)

4.2.4.2. Investigations into: determination of chemical composition, assessment of chemical
conformity and estimation of compositional homogeneity
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4.2.4.2.a) Measurement of local chemical composition

The reporting of the obtained results was performed in accordance with the values of
the concentrations of the elements specified in the ISO 5832-3: 2016 standard [151].
Following the application of the t-Student test, it was found that the sample satisfies the
homogeneity criteria for all identified elements, respectively C, Al, Cr, Mo, Fe, Si, Sn.

4.2.4.2.b) Chemical conformity assessment

The chemical conformity assessment was performed both in detail taking into account
the results of the measurements locally and globally (synthetically) using the mean of the
averages ( ¢)and the uncertainty of the mean of the averages) ( Us).

Table 4.10 . Overall results of the chemical conformity test (CC) corresponding to the TCT4

sample
Item [%] C N Fe \Y the -R Mo Sn And
LS | max0.08 | max0.05 | max0.30 45 6.75 . -
L2 - - - 3.5 55 - - - -
c 0.039 - 0.331 - 6.35 1.90 2.52 0.96 0.295
U [95%] 0.002 - 0.01 - 0.027 0.024 0.03 0.03 0.020
LSB® 0.078 - 0.29 = 6.72 = = = =
LIB3 - - - - 5.47 - - - -
TCC* 1 1 0 0 1
1 Upper limit; 2 Lower limit; 3 Acceptance tape; 4 the result of the chemical conformity tes

Following the assessment of the chemical conformity of the rod at local and global level,
it can be stated based on the results obtained that the alloy is not compliant . Regarding the
concentrations of the elements as shown in table 4.76. Thus, the alloy subject to measurement
does not correspond to the predicted mark respectively Ti-6Al-4V [151]. Also, it was not
possible to identify a type of biocompatible alloy that was similar to the investigated alloy. This
may justify the improper behavior of the implant and is an obvious case of malpractice !

4.2.4.3. Macroscopic analysis and microscopy tests (MO and SEM) to investigate the explant
in terms of macrostructure, microstructure and morphology of the breaking surface

Following the macroscopic investigations, it is observed that the rupture of the
centromedullary stem occurred at the distal locking system and at this level of investigation no
scratches are observed on the implant surface (which could be made at the time of insertion in
the human body) or excessive friction. screw (figure 4.26).

Zona de
rupere

FIG. 4.26 Overview of the rod

Figure 4.41 shows stereomicroscopy images taken on the breaking surface of the two
components that form the rod.
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-

—y |
FIG. 4.27. Fractographic images of the breaking surface a) overview of the breaking area of
the first part b) overview of the breaking area of the other part; c, d) details of the breaking surface
associated with figure b)

For a more rigorous characterization of the explanted rod, microstructural investigations
were performed. Thus, in figure 4.28 a, b) the biphasic structure o + f is highlighted which has
a pattern similar to that of a fabric and consists of the lamellar distributed o phase and the 8
phase .

FIG. 4.28. MO images of the centromedullary rod (TCT4 test); a) the central area of the sample
b) the area with a smaller thickness of the sample
In order to substantiate the phenomena / modes of rupture that took place in the case of
the centromedullary rod-type explant, investigations were performed on the representative
surfaces previously presented using the SEM method.

— ——ay

the left of the hole); b) detail associated with the area marked in figure a); ¢) detail associated
with the area marked in figure b); d) overview of the breaking surface (from the right of the
hole); e) detail associated with the area marked in figure d); f) detail associated with the area
marked in figure e)
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425 TCTS test

4.2.5.1. Clinical data

Table 4.11 presents the clinical data of the patient according to the established protocol,
and Figure 4.30 presents images of bone fracture obtained by conventional radiology.

Table 4.11 Clinical patient data

PATIENT
( name, surname, age, sex )

RM 67 years, F.

Post -fracture status calf operated in the 3 years ago .

INTERNAL DIAGNOSIS Callus tibial vices. Osteosynthesis material damaged .

CLINICAL OBSERVATION SHEET
( number)

DATE and HOSPITAL in which the implantation

2015; another service
was performed

DATE and HOSPITAL in which the explant was

performed 2018, SCUB Floreasca

nonunion tight , relatively unstable with micro-
movements in the outbreak that led in the time to
damage osteosynthesis material _

IDENTIFICATION OF THE EXPLANTED | Rod intramedullary tibial titanium ; Screw 4.5mm
DEVICE (* type and components ) latch ;

THE REASON FOR EXPLANING THE
MEDICAL DEVICE

DEVICE DATA C*
(* batch and device serial number, manufacturer)

n

FIG. 4.31. Preoperative radiography - postoperative control with failure more than 2 years
after implantation.

4.2.5.2 Investigations into: determination of chemical composition, assessment of chemical
conformity and estimation of compositional homogeneity

4.2.5.2.a) Measurement of local chemical composition

The evaluation of the chemical homogeneity of the explanted tibial centromedullary
stem was performed at the level of the test piece (sample), at which level the chemical
homogeneity test is considered to be of the "in-bottle™ type. Following the application of the t-
Student test, it was found that the sample satisfies the homogeneity criteria for all identified
elements, respectively C, Al, Cr, Mo, Fe, Si, Sn.
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4.2.5.2.b) Chemical conformity assessment

The chemical conformity assessment was performed both in detail taking into account
the results of the measurements locally and globally (synthetically) using the mean of the

averages ( ¢)and the uncertainty of the mean of the averages) ( Us).
Table 4.12 . Overall results of the chemical conformity test (CC) corresponding to the TCT5

sample
Item [%] C N Fe \Y the -R Mo Sn And
LSt™ gqgg max0.05 | max0.30 45 6.75
L1z - - 35 5.5 - - - -
c 0.043 0.273 - 5.95 1.80 2.70 0.92 0.48
U [95%)] 0.002 0.01 0.04 0.01 0.01 0.01 0.03
LSB? 0.078 0.29 6.71 - - - -
LIB® - - - 5.46
TCC* 1 1 0 1

1 Upper limit; 2 Lower limit; 3 Acceptance tape; 4 the result of the chemical conformity test

Following the assessment of the chemical conformity of the centromedullary rod locally
and globally, it can be stated on the basis of the results obtained that the alloy is not compliant
. In terms of concentrations .

4.2.5.3. Macroscopic analysis and microscopy tests (MO and SEM) to investigate the explant
in terms of macrostructure, microstructure and morphology of the breaking surface

The explant investigation was performed according to the scheme implemented
respectively from the point of view of macrostructure, microstructure and morphology of the

breaking surface.
Figure 4.32 shows the overall image of the centromedullary rod.

Zona de
rupere

R e Y

FIG. 4.32 Overview of the centromedullary rod

The investigation of the centromedullary stem at macroscopic level reveals the place
where the rupture occurred at the proximal locking system and at this level of investigation
there are scratches on the implant surface due to the screw mobilized in the hole and which
could be made at the time of insertion in the human body. be observed in the area indicated in
figure 4.33).
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FIG. 4.33 Fractographic images of the fracture surfaces a) overview of the fracture area of the
first part c, d) details of the fracture surface associated with figure a); d) overview of the
breaking area of the other part; e, f) details of the breaking surface associated with figure d)

Figure 4.33 a, ¢ shows surface aspects specific to excessive friction caused by the screw
that was mobilized in the hole.

Optical microscopy investigations highlight a typical structure of the titanium alloy and
a biphasic structure « + £ as can be seen in Figure 4.34 a, b.

Y 2

FIG. 4.34. MO images of the centromedullary rod a) central area of the sample b) marginal area
of the sample

: ey &
FIG . 4.35 SEM images of the breaking surface a) overall picture of the breaking surface (from the left
of the hole); b) detail associated with the area marked in figure a); c) overview of the breaking surface

(from the right of the hole); d) detail associated with the area marked in figure b); €) detail associated
with the area marked in figure d); f) detail associated with the area marked in figure €)
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overall images of the breaking surfaces ( figure 4.35 a, ¢ ) show areas on the one hand
extensive presenting _ issues crystalline-bright (central area) on the other areas relative smooth
, glossy.

Performing stereomicroscopy, light microscopy and scanning electron microscopy
analyzes eliminated the following possible causes of rupture, respectively: imperfections in the
preparation and processing of materials.

The rupture area is located at the distal locking system, with clear traces of excessive
friction of the screw and small scratches on the surface of the implant made at the time of
insertion in the human body.

After a careful analysis of the clinical data, no uncorrelations were identified between
the design of the exploded centromedullary rod and the type of condition in which it was used.

The rupture can be attributed to the high mechanical stress of the centromedullary rod
which led to excessive friction of the screw mobilized in the hole and material fatigue.

4.2.6 TCF6 test

4.2.6.1. Clinical data on the implanted patient

Table 4.13 presents the patient's clinical data according to the established protocol, and
Figure 4.36 presents images of bone fracture obtained by conventional radiology.

Table 4.13 Clinical patient data

PATIENT

AC 56 years, M
( name, surname, age, sex )

Post -fracture status commutative operated femur .
INTERNAL DIAGNOSIS Pseudarthrosis right femur . Osteosynthesis material
damaged .

CLINICAL OBSERVATION SHEET
(number)

DATE and HOSPITAL in which the implantation

was performed 2017; another service

DATE and HOSPITAL in which the explant was

2019, SUUB
performed
MEDICAL DEVICE - S P '
resumption _ activity body rule
IDENTIFICATION OF THE EXPLANTED | Rod centromedullary femur, universal , for
DEVICE (* type and components ) application through bore , diameter 11 mm, titanium
DEVICE DATA C*

(* batch and device serial number, manufacturer)

After an evolution gusset initial good - failure through

REMARKS -
fatigue
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FIG. 4.37. Radiographs of the imﬁlanted area a, b) preoperative c, d postoperative

4.2.6.2. Investigations into: determination of chemical composition, assessment of chemical
conformity and estimation of compositional homogeneity

4.2.6.2. a) measuring the local chemical composition

The evaluation of the chemical homogeneity of the exploded centromedullary rod was
performed at the level of the test piece (sample), level at which the chemical homogeneity test
is considered to be of the "in-bottle™ type.

The reporting of the obtained results was performed in accordance with the values of
the concentrations of the elements specified in the 1ISO 5832-3: 2016 standard.

4.2.6.2.b) Chemical conformity assessment

The chemical conformity assessment was performed both in detail taking into account
the results of measurements locally and globally (synthetically) using the mean of the averages
( ©)and the uncertainty of the mean of the averages ( Uz). The results of the conformity test are
presented in the following table.

Table 4.14 . Overall results of the chemical conformity test (CC) corresponding to the TCF6

sample

Item [%] C N Fe V the
LS 1™ glgg max0.05 | max0.30 45 6.75
L1z~ ; ; ; 35 55
c 0.028 | 0038 | 0.188 4.27 6.29
U[95%] | 0.004 | 0.002 | 0.004 0.02 0.02
LSB? 0.076 | 0.298 0.296 4.48 6.73
LIB3 - _ - 3.48 5.48

TCC* 1 1 1 1 1

1 Upper limit; 2 Lower limit; 3 Acceptance tape; 4 the result of the chemical conformity test

Following the chemical conformity assessment of the rod at local and global level, it
can be stated based on the results obtained that the alloy is compliant . Regarding the
concentrations of the elements as shown in table 4.122. Thus, the alloy subjected to the
measurement corresponds to the predicted mark respectively Ti-6Al-4V .

4.2.6.3. Macroscopic analysis and microscopy tests (MO and SEM) to investigate the explant
in terms of macrostructure, microstructure and morphology of the breaking surface

The explant was investigated according to the scheme implemented, respectively from
the point of view of the chemical composition, macrostructure, microstructure and morphology
of the breaking surface.

29



Contributii in domeniul biomaterialelor utilizate si a evaluarii functionalitatii clinice a implantelor metalice pentru repararea fracturilor

FIG. 4.38 Overview of the locked centromedullary rod

The investigation of the centromedullary stem at macroscopic level reveals the place
where the respective rupture occurred in the middle area and at this level of investigation no
scratches are observed on the implant surface.

In the following are presented stereomicroscopy images of the rupture surfaces in order

to identify the causes that caused the implant failure (figure 4.39).

FIG. 4.39. Fractographic images of the breaking surfaces a) overview of the breaking area -1-;
b) details of the breaking surface associated with figure a); c) overview of the breaking zone -2;
d) details of the breaking surface associated with figure c)

Optical microscopy investigations highlight a typical structure of the titanium alloy in
the Ti-Al-V system (Ti6Al4V), respectively a biphasic structure a + £ as can be seen in Figure
4.40 a, b.

55 - )/

FIG. 4.40. MO iméges of the locked ce fromedullary réd (TCF ‘tést); a} the central area of the
sample; b) the marginal area of the sample .
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FIG. 4.41 SEM images of the breaking surface a) image of a portion of the breaking surface; b)
detail associated with the area marked in figure a); c) detail associated with the area marked in
figure b)

The image of an area of the fracture surface (figure 4.41 a) reveals a fracture with a
complex character which in proportion of 90% has a fragile fracture aspect and an area with a
mixed morphological aspect, respectively ductile-fragile. In figure 4.41 b) the mixed breaking
character can be observed and the presence of dimples that alternate with the ductile breaking
zones is highlighted

4.2.7 TCF7 test
4.2.7.1. Clinical data on the implanted patient
Table 4.15 presents the patient's clinical data according to the established protocol, and

Figure 4.42 presents images of bone fracture obtained by conventional radiology.
Table 4.15 Clinical patient data

PATIENT

DN 58 years old, M.
( name, surname, age, sex )

Post -fracture status supracondylar left femur
INTERNAL DIAGNOSIS operated in the 1 year ago . Pseudarthrosis right
femur . Osteosynthesis material damaged .

CLINICAL OBSERVATION SHEET
( number)

DATE and HOSPITAL in which the
implantation was performed

DATE and HOSPITAL in which the explant
was performed

2017 other service

2018, SCUB Floreasca

THE REASON FOR EXPLANING THE | Pseudarthrosis with damage osteosynthesis
MEDICAL DEVICE material _

The area in which the centromedullary stem was implanted was investigated by
radiography
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¥

i,

FIG. 4.43'. Radiographs of the implanted area a, b)' preoperative, c, d) at the date of revision

4.2.7.2. Investigations into: determination of chemical composition, assessment of chemical
conformity and estimation of compositional homogeneity

4.2.7.2.a) measurement of the local chemical composition

The evaluation of the chemical homogeneity of the TCF7 sample was performed at the
level of the test piece (sample), at which level the chemical homogeneity test is considered to
be of the "in-bottle” type. Thus, for the evaluation of chemical homogeneity, the t-Student
statistical test was applied using the experimental standard deviation of the means.

Following the application of the t-Student test, it was found that the sample does not
meet the criteria of chemical homogeneity in the case of the elements Mn and N. For the other
elements (S, Cr, Ni, Mo, Cu, Si) the sample satisfies the conditions of chemical homogeneity.

4.2.7.2.b) Chemical conformity assessment

The chemical conformity assessment was performed both in detail taking into account
the results of measurements locally and globally (synthetically) using the mean of the averages
( ©)and the uncertainty of the mean of the averages Uz).

Table 4.16 . Global chemical conformity (CC) test results corresponding to TCF7 sample
P S R

Item [%)] C And min us Mo N With
LSt 0030 o | 5% | max0025 max0.1/190 | 150 35 o1 | oso
LI? - - - - - 17.0 13.0 2.25 - -
Cp 0.023 0.341 2.08 0.013 0.018 [17.08 |14.15 2.83 0.192 0.049

U [95%] 0.002 0.016 0.04 0.002 0.004 | 0.10 0.10 0.02 0.004 0.003

LSB @ 0.028 0.984 1.96 0.023 0.096 | 189 |14.90 3.48 0.096 0.497
LIB? - - - - - 17.1 | 13.10 2.29 - -
TCC* 1 1 0 1 1 1 1 1 0 1

1 Upper limit; 2 Lower limit; 3 Acceptance tape; 4 the result of the chemical conformity test

Following the assessment of chemical homogeneity, the elements Mn and N do not satisfy
the conditions of homogeneity. It can also be seen in Table 4.16 that N and Mn do not meet the
requirements for compliance with the brand specification.

Following the assessment of the chemical conformity of the rod at local and global level,
it can be stated on the basis of the results obtained that the rod is not compliant in terms of
concentrations of the respective elements Mn and even more so if extended measurement
uncertainties are taken into account (U [95 %]).

In conclusion , the sample to be measured corresponds to the predicted mark respectively
316L but does NOT comply with the ISO 5832-1 standard.

4.2.7.3. Macroscopic analysis and microscopy tests (MO and SEM) to investigate the explant
in terms of macrostructure, microstructure and morphology of the breaking surface
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The explant was investigated according to the scheme implemented, respectively from
the point of view of the chemical composition, macrostructure, microstructure and morphology
of the breaking surface.

Figure 4.44 shows the overall image of the centromedullary rod

F fig. 4.44 TCF7 sample overview

The investigation of the centromedullary stem at macroscopic level reveals the place where the
respective rupture occurred in the middle area and at this level of investigation no scratches are
observed on the implant surface.

FIG. 4.45 Fractographic images of the breaking surface a) overview of the breaking area; b)
details of the breaking surface associated with figure a);
The investigation of the breaking surface led to the identification of the breaking primer
highlighted in the area marked in red. Figure 4.46 shows optical microscopy images of
the resulting sample.

Aot
/i 1'/5

.b)

FIG. 4.46 MO images of the locked centromedullary rod (TCF7 test); a, b)

Optical microscopy images show a typical microstructure of plastically deformed stainless
austenitic steel, with polyhedral and twinned grains
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FIG. 4.47 SEM images of the breaking surface a) image of a portion of the breaking surface;
b) detail associated with the area marked in figure a); ¢) detail associated with the area marked in
figure b); d) detail associated with the area marked in figure c)
The image of the portion of the rupture surface (figure 4.47 a) reveals a rupture by cleavage.
In one of the investigations of the rupture surface of the implant, it can be concluded that its
rupture has a predominantly ductile character, in the area under discussion.

CHAPTER 5 - CONCLUSIONS
5.1 General conclusions

A pertinent analysis leading to progress in the field of implants requires a process of scientific
research of the behavior of the studied implants. In this sense, scientific research must be
understood as knowledge based on indisputable data and observations, empirically and or
theoretically grounded in a non-combatable way.

The investigations of Stereomicroscopy, MO and SEM highlight the microstructure, the
morphology of the breaking surfaces and implicitly of the breaking mechanism that takes place.
SDAR-OES investigations provide data on the chemical composition of implants and can be
used to estimate chemical homogeneity locally and globally by applying the t-Student test.
Also, based on these investigations corroborated with the standards in force, the chemical
conformity of the implants can be assessed. Therefore, following the studies performed on the
selected samples, the following were identified: The PS1 sample satisfies the requirements of
chemical homogeneity; and following the evaluation of the chemical conformity taking into
account the extended uncertainty, it can be stated that the sample corresponds to the predicted
mark, respectively Ti cp2.

- PS1-screw test screw meets the requirements of compliance with the respective brand
specification Ti-6Al-V. It can be seen that the PS1-plate and PS1-screw sample are part of two
different categories of material that could have theoretically led to the occurrence of galvanic
corrosion phenomena, but it is considered that the interval in which the implant was in the body
(3 months) it was not large enough and so no corrosion phenomena were observed on the
surface of the plate or screws.

- The PS2 sample satisfies the requirements of chemical homogeneity and, following the
assessment of local and global chemical conformity, it can be stated on the basis of the results
obtained that it is compliant with regard to element concentrations and whether extended
measurement uncertainties are taken into account. %)) it can be stated that the alloy subjected
to the measurement corresponds to the predicted mark.
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- The TCS3 sample does not meet the chemical homogeneity requirements for the elements Cu,
Si, C, and Cu. However, following the assessment of chemical conformity at local and global
level, it can be stated on the basis of the results obtained that the TCS3 sample is compliant in
terms of element concentrations and if extended measurement uncertainties (U [95%]) are taken
into account. It falls within the specified limits. The sample corresponds to the predicted mark
respectively 316L.

- The TCT4 sample satisfies the homogeneity criteria for all the identified elements,
respectively C, Al, Cr, Mo, Fe, Si, Sn. Following the assessment of chemical conformity at
local and global level, it can be stated on the basis of the results obtained that the alloy is not
compliant in terms of element concentrations as shown in Table 4.76. Thus, the sample does
NOT correspond to the predicted brand, respectively Ti-6Al-4V [151]. Also, no type of
biocompatible alloy could be identified that is similar to the investigated alloy. On the other
hand, a similar alloy identified in ** GOST 19807/91 was identified, as shown in Table 4.77,
an alloy used in the construction of submarines in the Russian Federation [156]. Thus, the
exploded rod can be considered a non-biocompatible artifact, at the level of current information
available. This may justify the improper behavior of the implant and is an obvious case of
malpractice!

Following the reassessment of the chemical conformity, it is noted that the alloy from
which the centromedullary rod was produced corresponds to the material class VT3-1 (BT3-1)
from the GOST standard 19807/91 [156].

Based on the chemical conformity assessments in two situations respectively, in relation
to ISO 5832-2 and in relation to GOST 19807/91 it is indubitable that the alloy belongs to class
VT3-1. It should also be noted that the ISO 5832 standard does not specify that this alloy can
be used in implantable products and this is a problem!

- The TCT5 sample satisfies the homogeneity criteria for all the identified elements,
respectively C, Al, Cr, Mo, Fe, Si, Sn. Following the assessment of chemical conformity at
local and global level, it can be stated based on the results obtained that the alloy is not
compliant in terms of element concentrations as shown in Table 4.99. Thus, the alloy under
measurement does NOT correspond to the predicted mark respectively Ti-6Al-4V.

- The TCF6 sample meets the homogeneity criteria for all elements specified in the
standard. Following the assessment of the chemical conformity of the rod at local and global
level, it can be stated based on the results obtained that the alloy is compliant in terms of element
concentrations as shown in Table 4.122. Thus, the alloy subjected to the measurement
corresponds to the predicted mark respectively Ti-6Al-4VThe TCF7 sample does not meet the
criteria of chemical homogeneity in the case of Mn and N elements. Also, following the local
and global chemical conformity, it can be stated based on the obtained results that the sample
does not comply with all the more so if the extended measurement uncertainties (U [95%]) are
taken into account. The sample to be measured corresponds to the predicted mark respectively
316L but does NOT comply with the ISO 5832 standard.

The results of the tests performed on the investigated samples support the following
statement: there are medical devices on the market that do NOT meet the requirements of 1SO
5832, ISO 13485: 2016 / Rev.2020, which is a problem and a threat to the quality of human
life.

Following the MO, all the investigated samples present microstructures characteristic
of the respective investigated material: the PS1 and PS2 samples have a microstructure
characteristic of non-alloyed titanium; TCS3, TCF7 have a microstructure characteristic of a
stainless steel, and samples TCT4, TCT5, TCF6 have a biphasic structure characteristic of a
titanium alloy.

Stereomicroscopy and SEM investigations on the rupture surfaces revealed the
following: structural homogeneities in the rupture area, which leads to fracture due to external
factors; in the second case, morphological aspects specific to the cleavage are revealed, in the
direction of the local fissure; the third test shows traces caused by the instrument used by the
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doctor during the implant removal maneuver; also, the fourth sample shows signs of wear; in
the case of the fifth sample, the surface morphology presents characteristic aspects of a ductile
fracture, respectively, can be distinguished morphologies of the cup type of unequal sizes, the
rupture highlights surface aspects specific to excessive friction caused by the screw that was
mobilized in the hole; in the case of the sixth test, the surface morphology presents characteristic
aspects of both ductile and fragile rupture, so it can be concluded that its rupture is dual and
ductile-fragile, stereomicroscopic investigations highlighting the existence of a technical
manufacturing defect proven by the eccentricity of the hole interiors; the seventh sample, the
breaking surface presents morphological aspects characteristic of the material fatigue, with
endogenous inclusions distributed unevenly, and the probability of occurrence of the rod
cracking becomes very high.

5.2. Personal and original contributions

Improving mechanical characteristics and product design in terms of
performance / cost is a field of research in continuous development in which a wide
variety of materials can be researched to improve the quality of human life and the field
of biomaterials.

1. Design of the protocol for explanting medicated devices to investigate and
establish the causes of implant failure concerning: clinical data, available information
on the material used and methods and techniques used to identify the causes that led to
the implant failure

2. Application of the method for estimating the uncertainty of the measurement
of elemental concentrations with SDAR-OES equipment.

3. Application of the method of analysis of chemical homogeneity by the t-
Student test to estimate the chemical homogeneity of explants.

4. Assessment of the chemical conformity of explants that can be extended to
any type of biomaterial and that from the results obtained is imperative to be performed
on any metallic material that meets (or is declared to meet) the biocompatibility criteria.

5. Case studies performed on a number of 7 explants As a result of which it was
found the importance of using the selected investigation methods

6. Highlighting the problem of screws In the case of both types of implants,
respectively in the case of the plate, the screws corrode (corrosion in the crevasse and
have a ductile rupture, usually )

7. Imposing the verification of the quality (conformity) of the osteosynthesis material.
Based on the results obtained, it was found that sometimes the materials used are not taken into
account Ttogether together plate-screw, rod-screw (theoretically they have the same chemical
composition, practically, they are different), and even more so non-conformities of the chemical
composition were identified which does not comply with the requirements of the specific
standards for that material.
5.3. Perspectives for further development
Following the studies performed on the selected samples and the results obtained (presented in
this thesis) we identified the following future directions of research / development in the topic
of the thesis:
Research to improve plaque implants by plugging holes that do not use screws. One solution
would be to use a plug for unused holes
- The most important result of the thesis is to discover the non-conformity of the implants that
should be reported.
- The need for additional research to confirm or deny that the modification / adjustment of the
design of plate implants brings improvements in their performance.
- Wide application of the implemented protocol of implants especially in terms of chemical
homogeneity and assessment of chemical conformity before their use !!
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- New technical solutions for improving the functional performance of implants, respectively
Replacing screws with plugs or cut-off screws or resorbable screws / Mg for plates

- New technical solutions to improve implantation techniques (guided insertion of screws in
centromedullary rods)

- Simulations / simulation program aintebefore implant selection (also take into account
material not only AO / medical criteria)
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