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Anna D. Dobrzańska-Danikiewicz 4

����������
�������
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Abstract: The importance of endodontics is presented within our own concept of Dentistry Sustain-
able Development (DSD) consisting of three inseparable elements; i.e., Advanced Interventionist
Dentistry 4.0 (AID 4.0), Global Dental Prevention (GDP), and the Dentistry Safety System (DSS) as
a polemic, with the hypothesis of the need to abandon interventionist dentistry in favour of the
domination of dental prevention. In view of the numerous systemic complications of caries that affect
3−5 billion people globally, endodontic treatment effectively counteracts them. Regardless of this,
the prevention of oral diseases should be developed very widely, and in many countries dental care
should reach the poorest sections of society. The materials and methods of clinical management in
endodontic procedures are characterized. The progress in the field of filling materials and techniques
for the development and obturation of root canals is presented. The endodontics market is forecast
to reach USD 2.1 billion in 2026, with a CAGR of 4.1%. The most widely used and recognized
material for filling root canals is gutta-percha, recognized as the “gold standard”. An alternative
is a synthetic thermoplastic filler material based on polyester materials, known mainly under the
trade name Resilon. There are still sceptical opinions about the need to replace gutta-percha with
this synthetic material, and many dentists still believe that this material cannot compete with gutta-
percha. The results of studies carried out so far do not allow for the formulation of a substantively
and ethically unambiguous view that gutta-percha should be replaced with another material. There
is still insufficient clinical evidence to formulate firm opinions in this regard. In essence, materials
and technologies used in endodontics do not differ from other groups of materials, which justifies
using material engineering methodology for their research. Therefore, a detailed methodological
approach is presented to objectify the assessment of endodontic treatment. Theoretical analysis was
carried out using the methods of procedural benchmarking and comparative analysis with the use of
contextual matrices to virtually optimize the selection of materials, techniques for the development
and obturation of root canals, and methods for assessing the effectiveness of filling, which methods
are usually used, e.g., in management science, and especially in foresight research as part of knowl-
edge management. The results of these analyses are presented in the form of appropriate context
matrices. The full usefulness of the research on the effectiveness and tightness of root canal filling
using scanning electron microscopy is indicated. The analysis results are a practical application of
the so-called “digital twins” approach concerning the virtual comparative analysis of biomaterials
used in endodontic treatment.

Keywords: dentistry; endodontics; filling materials; sealants; obturation; gutta-percha; Resilon;
procedural benchmarking; comparative matrices; virtual approach; digital twin; scanning elec-
tron microscopy
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1. The Importance of Endodontics in the General Concept of Sustainable Dentistry
Development

The authors’ work [1] presents the concept of Dentistry Sustainable Development
(DSD > 2020) consisting of three inseparable elements; i.e., Advanced Interventionist
Dentistry 4.0 (AID 4.0), Global Dental Prevention (GDP), and the Dentistry Safety System
(DSS). The concept of Dentistry Sustainable Development and the authors’ view on this
subject is a polemic, with the main part of the thoughts contained in the series of two
papers [2,3] promoting the hypothesis regarding the need to abandon interventionist
dentistry, excluding therapeutic activities undertaken by dentists for the domination of
dental prevention. It is impossible to agree with the approach that one should completely
abandon interventionist dentistry in favour of the universally dominant prevention, if only
because in many countries, e.g., due to the socio-economic situation, widespread lack of oral
hygiene or eating habits, such a postulate is highly unlikely to be implemented. Treating
caries and periodontal diseases is of great importance due to the scale of these diseases of
the oral cavity, which currently affect 3−5 billion people in the world [1]. Dental caries is
the most common infectious disease globally. It includes interactions between bacterial
biofilm and the surface of teeth, saliva, and genes; dietary carbohydrates, including sugars
and starches; and the influence of behavioural, social, and psychological factors [4–6].
There are six countries with the most common caries in the 5–14 age group, including
Kyrgyzstan, Uzbekistan, Romania, Bulgaria, Poland, and Ecuador [7]. The countries most
affected by this disease in the entire age range also include France, Spain, Iceland, Greece,
and Georgia [1].

Untreated dental caries is the direct cause of many systemic complications that place
enormous pressure on health care systems and health insurance and disruptions in labour
markets in all countries. The numerous complications of this type include, among others,
nephritis, bacterial pneumonia, rheumatoid arthritis, endocarditis, ischemic heart disease,
brain abscess, osteoporosis, premature delivery, reduction in infant birth weight, and even
direct death of the patient [8–13]. Because tooth extraction caused by caries is often unavoid-
able, including due to the ineffectiveness of endodontic treatment, it can lead to partial or
even complete toothlessness. Apart from the obvious loss of aesthetic value and eating
ailments, toothlessness resulting from caries causes many systemic diseases [14–28], includ-
ing even direct shortening of human life, cardiovascular diseases, heart failure, ischemic
heart disease, hypertension and stroke, some cancers, diabetes, insulin independence,
kidney disease and rheumatoid arthritis, gastritis, duodenal ulcer, pancreatic diseases
(including tumours), neoplastic changes of the oesophagus and upper gastrointestinal
tract, unfavourable course of pregnancy, mood and neurocognitive disorders, obstructive
sleep apnea, cervical spine pain, migraine and headaches, disorders of cerebrospinal fluid
metabolism and changes in the hippocampus in the elderly [29–35] and related spatial and
episodic memory disorders, exacerbating symptoms of multiple sclerosis, and increasing
the risk of dementia in general. The mentioned aspects fully justify the necessity of caries
treatment.

The most important risk factors contributing to caries include excessive consumption
of sugars, insufficient saliva flow, hygiene negligence, fluoride deficiency during daily tooth
brushing, socio-economic degradation due to nutritional deficiencies causing deformation
of the teeth, and lack of proper dental care [1]. Accurate and professional dental care
reduces the risk of developing caries in every patient, which is presented schematically
by the caries development pyramid (CDP), from Background Level Care (BLC) through
Preventive Treatment Option (PTO) to Operative Treatment Option (OTO) (Figure 1). The
5D Caries Management Cycle Rules (CMCR), by analogy to the Deming Plan-Do-Check-
Act behavioural approach, is presented in Figure 1c. Before cavitation symptoms become
apparent, preventive measures should be taken to detect caries at the earliest possible stages
of the disease (Figure 1d), with proper risk assessment and determination of adequate
actions with an appropriate frequency of reminders [36–39].
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Visually, changes in enamel, dentine, and pulp allow for the separation of three
primary grades of caries severity [40,41]. Work to date for over a century [42] has led to the
development of the so-called “caries continuum”. According to the International Caries
Detection and Assessment System (ICDAS) [43–46], classification is evidence-based and
oriented towards the prevention, detection, and evaluation of the stages of caries. The
International Caries Classification and Management System (ICCMS) [47–50] is useful for
improving long-term caries outcomes in conjunction with the Precision Caries Management
(Figure 1b).

Dentists treat patients while actively preventing the spread of the previously men-
tioned serious systemic complications. The carefully performed endodontic treatment
eliminates many of the risks as mentioned above and allows for a relatively long time to
keep healed teeth in the patient’s mouth, preventing complications, as well as partial or
even complete toothlessness. After eight years from the end of endodontic treatment, in
only 3% of cases, there are periapical changes such as cysts or granulomas [51], although
in 90% of cases, these changes are caused by errors in the preparation and filling of root
canals [52–56], as well as a crown or root fractures or other iatrogenic factors [57]. It is highly
inappropriate to discredit the dentist community by criticizing the alleged approach in the
slogan “drilling, filling, and billing” presented in the public discourse [58]. The authors
remain convinced that this is a substantive manifestation of populism and trivialization of
the real role of dentistry, especially endodontic treatment, or even contempt for such work,
and a fundamentally inaccurate finding. Of course, the development of a root canal can be
called drilling, while obturation with suitable material can be called filling. Dental services
in many countries are in the private sector, so the patient has to finance all treatment costs.
However, that is not a reason to mock this situation. These are serious medical activities,
and treatments that are essentially cosmetological constitute a narrow range of activities
of the dental community, although they most likely take place. However, they are not the
motivation for the statistically overwhelming activity undertaken by dentists for the benefit
of patients and in the name of well-understood ethical obligations of a dentist. Such an
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assessment must be surprising, especially as it comes from within the dentist community.
There is every reason to believe that disseminating such false information is an ethical tort.

Although probably insufficiently developed, an important aspect of dentists’ activity,
especially in countries with low economic levels, is prevention. There is no doubt that
prevention should be developed very widely. Dental care should cover all social strata,
including the poorest and preferably in all countries, including in the original concept of
the sustainable development of dentistry [1]. However, the facts seem to indicate that in
many countries, especially low-income countries (LICs), this postulate is impossible to
meet to a large extent or even at all.

An important part in the development of dentistry [1,10] is to ensure the safety of
dentists and dental staff in the face of the COVID-19 disease pandemic caused by the
transmission of the SARS-CoV-2 coronavirus. The dentist is constantly exposed to infection
because they are doing their job in the patient’s respiratory tract. The issue was widely
discussed in the authors’ work [10], which also presented the authors’ technical solution
serving this purpose [59]. This aspect of the endodontist’s work was also highlighted
in [60,61].

The basis of many therapeutic activities undertaken by dentists is close cooperation
with the engineering and technical environment. In addition to the use of numerous
devices, they range from a dental unit with a dental chair, through modern medical
diagnosis methods using conical beam computed tomography (CBCT) and intraoral and
extraoral scanning, to a wide range related to Dentistry 4.0 [62,63] as an activity within
Industry 4.0. The centres for producing dental prosthetic restorations fit into this idea as
smart factories [62–98].

Cooperation in the field of conservative dentistry and endodontics also requires wide
participation in engineering and technical activities, including proper selection of filling
materials, sealants, and appropriate techniques for the development of the root canal
and obturation, requiring the use of various instruments and tools. This paper aims to
develop and present the methodological assumptions of the virtual comparative analysis
of biomaterials used in endodontic treatment, including the production and selection of
filling and sealing materials; the selection of dental devices and tools, including specialized
tools; the selection and application of the technology for the development and obturation
of the root canal; and assessment effectiveness and tightness of root canal filling as a result
of endodontic treatment.

2. General Characteristics of Materials and Clinical Procedures in Endodontic
Treatment

Precision Caries Management (PCM) involves making the right decisions depending
on the caries stage established based on the International Caries Detection and Assessment
System (ICDAS) (Figure 1). Each decision is based on the evidence obtained from a thor-
ough dental examination by a dentist. Dental pulp attacked by caries bacteria causes pain,
and dental intervention becomes indispensable. As it means caries advancement above
the second stage according to ICDAS, it is necessary to start endodontic treatment [99–101]
because it is simply too late for any prevented treatment. This is especially true of the
maxillary and mandibular incisors of the first molars, most affected by endodontic dis-
eases [102]. Keeping the tooth functional when it is no longer possible to keep it alive
is the basis of the conventional approach that prescribes endodontic treatment, which is
the subject of this paper. Of course, an alternative could be extracting a diseased tooth,
but dentists prefer endodontic treatment for pragmatic and ethical reasons [103,104]. The
paradigm shift of this approach leads to revascularization and regenerative endodontic
procedures. Regenerative endodontics aims to create and deliver tissues to replace the
diseased and traumatized tooth pulp. Although it is a breakthrough approach, it should
be expected to become real. It will bring tremendous benefits to patients, regardless of
the scale of the costs incurred, as it offers a chance to restore the natural function of the
teeth instead of surgical placement of implants or even artificial dentures. This problem is
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beyond the scope of these considerations and is presented in more detail in the literature
review [105,106].

Endodontic treatment aims to leave the tooth in the mouth and prevent, and preferably
eliminate, apical periodontitis [107]. This treatment consists of preparing the root canal by
removing the pulp of the tooth and ensuring the best hermetization of the root canal after
introducing replacement filling material and after prior disinfecting and shaping the canal.
The selection of appropriate tools is important [108]. By introducing filling material, the
tooth’s hard tissues are directly restored, and the living tissue is replaced with a filling [109].
It is necessary coronally, with lateral and apical sealing of the previously infected and then
prepared root canal of the tooth. It prevents the spread of bacteria with possible toxins
towards the root tip [110–112] and saliva [113].

In this way, a tooth treated endodontically may continue to function in the oral cavity,
even though it has been deprived of a viable intraroot structure. The filling material should
meet numerous expectations: it should be biocompatible, prevent bacterial growth and
preferably be bactericidal, be sterile, adapt well to the geometrical features of the prepared
root canal, allow for easy removal if it is necessary to repeat endodontic treatment [114,115],
and not cause adverse aesthetic effects; e.g., tooth discolouration [115–117]. Preferably, the
filling material enhances the strength of the prepared tooth root [118].

Progress in filling materials and techniques for the development and obturation of
root canals is made systematically, and newer materials are introduced [119–125] (Figure 2).
However, the pace of these changes is not significant. Significant changes have been
observed over the past half-century, and some of the methods or materials listed in Figure 2
may now be of historical importance.

Processes 2021, 9, x FOR PEER REVIEW 5 of 48 
 

 

but dentists prefer endodontic treatment for pragmatic and ethical reasons [103,104]. The 
paradigm shift of this approach leads to revascularization and regenerative endodontic 
procedures. Regenerative endodontics aims to create and deliver tissues to replace the 
diseased and traumatized tooth pulp. Although it is a breakthrough approach, it should 
be expected to become real. It will bring tremendous benefits to patients, regardless of the 
scale of the costs incurred, as it offers a chance to restore the natural function of the teeth 
instead of surgical placement of implants or even artificial dentures. This problem is be-
yond the scope of these considerations and is presented in more detail in the literature 
review [105,106]. 

Endodontic treatment aims to leave the tooth in the mouth and prevent, and prefer-
ably eliminate, apical periodontitis [107]. This treatment consists of preparing the root ca-
nal by removing the pulp of the tooth and ensuring the best hermetization of the root 
canal after introducing replacement filling material and after prior disinfecting and shap-
ing the canal. The selection of appropriate tools is important [108]. By introducing filling 
material, the tooth’s hard tissues are directly restored, and the living tissue is replaced 
with a filling [109]. It is necessary coronally, with lateral and apical sealing of the previ-
ously infected and then prepared root canal of the tooth. It prevents the spread of bacteria 
with possible toxins towards the root tip [110–112] and saliva [113]. 

In this way, a tooth treated endodontically may continue to function in the oral cav-
ity, even though it has been deprived of a viable intraroot structure. The filling material 
should meet numerous expectations: it should be biocompatible, prevent bacterial growth 
and preferably be bactericidal, be sterile, adapt well to the geometrical features of the pre-
pared root canal, allow for easy removal if it is necessary to repeat endodontic treatment 
[114,115], and not cause adverse aesthetic effects; e.g., tooth discolouration [115–117]. Pref-
erably, the filling material enhances the strength of the prepared tooth root [118]. 

Progress in filling materials and techniques for the development and obturation of 
root canals is made systematically, and newer materials are introduced [119–125] (Figure 
2). However, the pace of these changes is not significant. Significant changes have been 
observed over the past half-century, and some of the methods or materials listed in Figure 
2 may now be of historical importance. 

 
Figure 2. Scheme: (a) ikebana full of all types of root canal filling materials; (b) umbrella surrounding all types of root 
canal filling methods. 
Figure 2. Scheme: (a) ikebana full of all types of root canal filling materials; (b) umbrella surrounding all types of root canal
filling methods.

Apart from the substantive literature reports grouped in Figure 2 in the form of
ikebana materials used in endodontics and the umbrella of obstructive techniques, an
important indication for the assessment of the development of endodontics on a global
scale is the results of the analysis of global markets related to this field of health protection.
There are several main factors determining the growth of the endodontic market in the
world. Undoubtedly, one of the most important factors is the increasing incidence of caries
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and other oral diseases. Together with a detailed analysis of the territorial distribution
of caries and other diseases of the oral cavity, this issue was presented in the authors’
study [1]. The increase in the incidence of caries and the consequent need for endodontic
treatment is strongly associated with the rapid growth of the geriatric population and
the ageing of societies. According to data provided by WHO, it is estimated that by 2050
the global population of elderly people will reach approximately 2 billion worldwide,
when in 2010 it was already around 524 million people [126]. The rapid growth takes
place in highly developed countries, including in the United States, Japan, and Europe
in Italy, Germany, and the United Kingdom. According to the US Census Bureau, the US
population of people aged 65 and over will increase more than twice between 2011 and
2050, from around 40 million to approximately 89 million [126]. The knowledge about
oral hygiene and health in low-income groups is low, which inevitably affects the lack
or inadequate level of prevention of oral diseases [127], which affects huge numbers of
people worldwide. At the same time, higher- and high-income societies systematically
increase awareness of oral hygiene and the need to treat oral diseases [128], which is
an important driver of the growth of the endodontic market. This is accompanied by
an increase in government support in many countries to promote awareness of dental
disorders and diseases [128] due to the noticeable negative impact of these diseases on the
macroeconomic situation in various countries and the related increasing expenditure on
dental care. Such government initiatives in the last few years include, for example, the
National Tobacco Control Program (NTCP) implemented in India, implementing the World
Health Organization Framework Convention on Tobacco Control. In the UK, the National
Health System accredits physicians to provide endodontic and oral surgery services not
yet covered by the Standard General Dental Services (GDS). The growth of the endodontic
market in the world is influenced by the growing number of dentists and dental offices.
Technological progress and modernization of endodontic devices resulted in disseminating
improved rotary equipment for the development of root canals and reducing iatrogenic
errors during this treatment. The improvement of root canal development is significantly
influenced by the restriction of conventional stainless-steel hand-file systems in favour of a
significant increase in the use of reciprocating nickel–titanium rotary files [127].

The corollary of this is a significant improvement in root canal preparation. An
overall increase in consumers’ disposable income is enabling them to increase their dental
care spending and increase dental tourism, especially in developing countries due to the
availability of low-cost services, including transportation, accommodation, and dental care,
including in India, Mexico, and Brazil [127]. There is also a huge untapped market potential
in emerging countries such as South Africa and India, where the demand for dental services
is growing, including motivations resulting not from health but also aesthetic reasons [128].
The opposite effect is the high cost of dental products, limited reimbursement rules, and low
medical services, including dental services, especially in many low- and middle-income
countries (LIC and MIC), limiting the development of this market dentistry in general [128].

The endodontics market was forecast to reach USD 1.56 billion in 2018; in 2020, it
was estimated at USD 1.7 billion and to grow to USD 2.1 billion by 2026, with a CAGR
of 4.1% [127], and previous forecasts indicated that the market would reach USD 1.61
billion by 2022, rising from USD 1.21 billion in 2016, with a CAGR of 5.1% in 2017 to
2022. The territorial structure of the growth of this market in this period is shown in
Figure 3a, and the breakdown by end-users is shown in Figure 3b [129]. The global dental
consumables market in 2016 reached USD 38.921 million, while it is forecasted that in 2023
it will reach USD 55.584 million, with a CAGR of 5.2% from 2017 to 2023 [128]. To some
extent, the global dental consumables market concerns endodontics (Figure 3c) in the field
of obturators and permanent endodontic sealants, files divided in terms of material into
steel and Ni–Ti alloy, and type into manual and rotary, as well as filling materials and
sealants and general dental materials consumables, dental sealants, dental drills, patient
bibs, aspirator tubes, saliva ejectors, and other auxiliary materials.



Processes 2021, 9, 926 7 of 48

Processes 2021, 9, x FOR PEER REVIEW 7 of 48 
 

 

55.584 million, with a CAGR of 5.2% from 2017 to 2023 [128]. To some extent, the global 
dental consumables market concerns endodontics (Figure 3c) in the field of obturators and 
permanent endodontic sealants, files divided in terms of material into steel and Ni–Ti al-
loy, and type into manual and rotary, as well as filling materials and sealants and general 
dental materials consumables, dental sealants, dental drills, patient bibs, aspirator tubes, 
saliva ejectors, and other auxiliary materials. 

 
Figure 3. Forecasts for the growth of dental markets: (a) matrix of the forecasted size of the endodontics market (the di-
ameter of the marker symbolizes the relative value) depending on the CAGR; (b) breakdown of the global endodontics 
market in 2018 by end-user; (c) an increase in the dental consumables market with the participation of endodontics in 
2016−2023. 

On the one hand, important elements of the global endodontic market, and most im-
portantly, decisive for the effectiveness of endodontic treatments, are filling materials and 
the sealants used with them. For many years, the most commonly used and recognized 
material for filling root canals was gutta-percha [130–135]. The name gutta-percha refers 
to a stiff, naturally biologically inert, resilient, electrically nonconductive, thermoplastic 
latex made from the milk juice of certain plant species. The most important is the genus 
Palaquium from the Sapotaceae family, especially Palaquium gutta, as a tree growing in 
the Malay Peninsula and Indonesia, as well as Palaquium oblongifolia and Mimusops bal-
ata. However, it also occurs in Eucommia ulmoides, and in Europe in papillary and ordi-
nary euonymus. In Australia, gutta-percha is a popular name used specifically for the eu-
phorbia tree, Excoecaria parvifolia. The word gutta-percha comes from the name of the 
plant in Malay: “getah”, which means “latex”, while Percha or perca is the old name for 
the island of Sumatra. Gutta-percha is a natural polyterpene, a trans exclusively double-
bonded polyisoprene polymer containing 1,4 polyisoprene, which forms a rubbery elas-
tomer. The cis structure of polyisoprene is a typical latex elastomer. The polymer is some-
times referred to as gutta, and the name gutta-percha refers to a mixture of such a polymer 
with alcohol derivatives of triterpenes. While latex rubbers are amorphous with a molec-
ular structure, the trans gutta-percha crystallizes, resulting in a more rigid material. Gutta-
percha, which is less flexible than rubber, is characterized by greater chemical resistance, 
except for oxidizing acids, and it dissolves in aromatic and chlorinated hydrocarbons. It 
is not resistant to weather conditions, although it is ageing in the oxygen from the atmos-
phere. The product of these reactions is a brittle mass, which can be counteracted with 
appropriate additives. Gutta-percha is a good electrical insulator. The indigenous people 
of Malaysia used gutta-percha for many years, including on the handles of knives and 
walking sticks and for other purposes, until John Tradescant discovered it as the first Eu-
ropean in 1656. William Montgomerie, a medical officer, was the first to use this material 
in 1842 for medical purposes, and even received a gold medal from the Royal Society of 
Arts in London in 1843 [136]. Since then, gutta-percha has been assessed as a useful prac-
tically natural thermoplastic and gained many practical and industrial uses in the second 
half of the 19th century. It was used as insulation for underwater telegraph cables and 
other electrical cables from 1851, which only changed with the invention of polyethene 

Figure 3. Forecasts for the growth of dental markets: (a) matrix of the forecasted size of the endodontics market (the
diameter of the marker symbolizes the relative value) depending on the CAGR; (b) breakdown of the global endodontics
market in 2018 by end-user; (c) an increase in the dental consumables market with the participation of endodontics in
2016−2023.

On the one hand, important elements of the global endodontic market, and most
importantly, decisive for the effectiveness of endodontic treatments, are filling materials
and the sealants used with them. For many years, the most commonly used and recognized
material for filling root canals was gutta-percha [130–135]. The name gutta-percha refers
to a stiff, naturally biologically inert, resilient, electrically nonconductive, thermoplastic
latex made from the milk juice of certain plant species. The most important is the genus
Palaquium from the Sapotaceae family, especially Palaquium gutta, as a tree growing in
the Malay Peninsula and Indonesia, as well as Palaquium oblongifolia and Mimusops
balata. However, it also occurs in Eucommia ulmoides, and in Europe in papillary and
ordinary euonymus. In Australia, gutta-percha is a popular name used specifically for
the euphorbia tree, Excoecaria parvifolia. The word gutta-percha comes from the name
of the plant in Malay: “getah”, which means “latex”, while Percha or perca is the old
name for the island of Sumatra. Gutta-percha is a natural polyterpene, a trans exclusively
double-bonded polyisoprene polymer containing 1,4 polyisoprene, which forms a rubbery
elastomer. The cis structure of polyisoprene is a typical latex elastomer. The polymer is
sometimes referred to as gutta, and the name gutta-percha refers to a mixture of such
a polymer with alcohol derivatives of triterpenes. While latex rubbers are amorphous
with a molecular structure, the trans gutta-percha crystallizes, resulting in a more rigid
material. Gutta-percha, which is less flexible than rubber, is characterized by greater
chemical resistance, except for oxidizing acids, and it dissolves in aromatic and chlorinated
hydrocarbons. It is not resistant to weather conditions, although it is ageing in the oxygen
from the atmosphere. The product of these reactions is a brittle mass, which can be
counteracted with appropriate additives. Gutta-percha is a good electrical insulator. The
indigenous people of Malaysia used gutta-percha for many years, including on the handles
of knives and walking sticks and for other purposes, until John Tradescant discovered it
as the first European in 1656. William Montgomerie, a medical officer, was the first to use
this material in 1842 for medical purposes, and even received a gold medal from the Royal
Society of Arts in London in 1843 [136]. Since then, gutta-percha has been assessed as a
useful practically natural thermoplastic and gained many practical and industrial uses in
the second half of the 19th century. It was used as insulation for underwater telegraph
cables and other electrical cables from 1851, which only changed with the invention of
polyethene around 1940. It was also used to produce furniture and numerous kitchen
utensils and, among others, golf balls, glues, gutta-percha paper, electroforming matrices,
and stamps in the 19th century and first half of the 20th century.

Gutta-percha is a polymer that exists in three isomorphic forms: α, β, and γ, with
the α form being brittle at room temperature. Forms of gutta-percha α and β go into
the amorphous form and become liquid in the temperature range of 40–70 ◦C, while the
melting point of the β form is lower than the α forms. The α form is characteristic of
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gutta-percha produced by trees. Both forms contain trans bonds that differ in particle
size. Gutta-percha density is 0.95–1.02 g/cm3. In dentistry, only two isomorphic forms
of gutta-percha are used—β, which exists in a solid state and changes into the α form of
gutta-percha at temperatures of 48.6–55.7 ◦C; the melting point is 64 ◦C. Gutta-percha in
the form of studs or pellets is used in endodontics. The pure form of β gutta-percha is only
18–22%, and the rest is a mixture of zinc oxide in the proportion of 59–75%, barium and
strontium sulphate in the proportion of 1.1–31.2%, as well as other polymers and wax in
the proportion of 1–4.1% [1]. The addition of zinc oxide improves plasticity and reduces
brittleness, while barium sulphate provides X-ray impermeability so that it is possible to
identify the filling using X-rays.

The physical and chemical properties of gutta-percha, including inter alia, indifference
and biocompatibility, melting point, and ductility and plasticity, determined the usefulness
of gutta-percha in endodontics. Thanks to thermoplasticity, polymeric materials with a
gutta-percha matrix enable three-dimensional filling of the space inside the root canal. The
use of gutta-percha each time requires the combined use of sealants based on synthetic
resins, both in using cold and thermoplastic condensation methods. A gutta-percha matrix
material together with the sealant used ensures a tight bond with the root canal wall. The
tightness of filling the root canal with the filling material and its tight connection with
the canal dentin are the main factors decided in the quality of endodontic treatment. The
history of the use of thermally plasticized gutta-percha and sealer slightly exceeds half a
century, since its first use by Herbert Schilder in 1967 [137–139]. However, this method
of filling turned out to be too time-consuming and technically difficult to master, as this
technique required the use of a heat-transfer device, which was heated several times over
the burner until it was red, and inserted into the channel next to the gutta-percha point and
then withdrawn to leave a plasticized material inside condensed apical with a plugger.

The cycle was repeated several times using several consecutive gutta-percha points
and with the heating and condensation cycles repeated several times. The dentist’s ability
to perform vertical condensation using hot pluggers had significantly increased since the
introduction in 1982 of the Touch’s Heat Electric Heat Conveyor, which was activated when
the tip was inserted into the root canal, eliminating the need for a torch and preventing
frequent burns to the lips. The system introduced in 1987 by Stephen Buchanan provides
a constant pressure to fill the irregular space of the canal with its side branches with
warm gutta-percha and sealant, thanks to the continuous supply of heat for a sufficiently
long time and the condensation of the gutta-percha with a constant vertical movement
in the apical direction. Buchanan pluggers, available in four sizes, are designed so that
their shape closely follows the shape of the developed channel and corresponds to the
expansion of nonstandard main studs. Buchanan pluggers are made of stainless steel, and
their plastic deformation allows deeper condensation, especially in narrow, bent channels.
The Buchanan system enables temperature control up to 600 ◦C. Temperatures not higher
than 350 ◦C do not cause irreversible damage to the periapical tissues, as confirmed
clinically [137–139]. However, mild periodontitis associated with overheating may be
short-lived but resolve no later than 12 h. The Thermo-Hydraulic-Condensation [140–145]
technique of filling root canals with the use of the Buchanan system, introduced 20 years
ago, enables the lateral canals to be filled to a greater extent and consists of increasing the
plasticity time of gutta-percha under the influence of temperature and pressure obtained
during this procedure by using appropriate tooling (Figure 4)
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Gutta-percha can also be used as a liquid for filling cold canals. For this purpose,
capsules are available filled with gutta-percha powder with a particle size of less than 30
µm with the addition of anti-infective nanosilver particles and sealant particles.

Despite the numerous advantages of gutta-percha, documented by multiple clinical
trials, which made it even considered the “gold standard” of endodontics, there were
alarming signals that in some cases, it lacked proper bonding to dentin, which could
suggest inadequacies in leakage prevention [146–155]. However, obturation errors of the
dentist cannot be ruled out in such cases. Undoubtedly, the result of various assessments of
the effectiveness of individual filler and sealing materials is determined by the methodology
of these assessments, which has been pointed out in some publications [156,157]. There are
also reports of difficulties in removing gutta-percha from the root canal, if necessary, with
endodontic retreatment [158,159]. It can be counteracted by selecting nonstandard sealing
materials [118,160–163] and attempts to use other filling materials, among the many given
in Figure 2 [164,165]. Typically, this may improve some of the expected aspects of sealing
previously reported, but it almost always worsens the removal of the filling material during
subsequent endodontic treatment [166].

An alternative to gutta-percha is a synthetic thermoplastic filling material based on
polyester materials, consisting of an organic part constituting a matrix of methacrylate resin
and inorganic fillers, including bioactive glass and barium sulfate and X-ray impermeable
oxychloride [167–173], first introduced in 2004 by Resilon Research, LLC, Madison, CT,
USA [168]. Hence, this filler material is mainly known by the trade name Resilon, and the
sealant has an eponymous name introduced by Sybron Dental Specialities, Orange, CA,
USA, although it may also be presented as RealSeal from Pentron Clinical Technologies,
Wallingford, CT, USA, or AH-26/AH-plus from Dentsply Maillefer (Ballaigues, Switzer-
land). Endorez (Ultradent Products, South Jordan, UT, USA), for example, has the ability
to dissolve in some solvents such as chloroform, or to heat soften, which is of particular
importance when endodontic retreatment is required, although gutta-percha can also be
removed with a suitable solvent.

This system consists of three components, including [167,174,175]:

1. A self-etching primer comprising a sulfonic acid-terminated functional monomer,
HEMA 2-hydroxyelylmethacrylate, water, and a polymerization initiator;
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2. A dual-curing resin sealant containing approximately 70% calcium hydroxide, bis-
muth oxychloride, barium glass, and silica filler;

3. A core made of synthetic thermoplastic filling material based on polyester materials,
including approximately 65% of fillers with bismuth oxychloride, bioactive glass, and
barium sulphate.

The core materials of this material, similarly to gutta-percha, are provided as studs
and pellets, in ISO sizes in 0.02, 0.04 and 0.06 cones, and can be used as single studs or for
use in the thermoplastic obturation method.

In the initial period of implementation, the filling material with a matrix of polyester
materials showed leaks at the interface between the polyester–polymer material and the
root canal walls much more often than gutta-percha. This was the result of, among other
causes, polymerization contraction [131,132], and it was one of the reasons why many
dentists refrained from using this material. Many more research results are available,
focusing on identifying which of the two materials, gutta-percha or polyester matrix filling
material, was more appropriate for endodontic treatment. Much less attention is paid to the
remaining filling materials presented in Figure 2, which may indirectly indicate a real loss of
their practical and clinical significance. Systematic research in many centres was prompted
by good reports about the advantage of this new material over gutta-percha [168,176,177]
and the practical importance of the newly implemented sealants [178].

Moreover, it was pointed out that the characteristics of both materials are so similar
that obturation techniques, including thermoplastic ones, commonly used concerning
gutta-percha, can be easily transferred to this material [168]. It was reported that the
bonding of this filling material with a matrix of polyester materials with dentine forms
a monoblock [179–181], which would prove the dominance of this particular material.
But opinions on this subject are not uniform, and in [182], it was even stated that this
monoblock concept is not true. Statements have been presented in the literature that it
is a material that legitimately competes with gutta-percha and even surpasses it; e.g., it
has better adhesion to the surface of the prepared root canal [183,184]. Simultaneously,
in the presence of chloroform, a distinct advantage is held by gutta-percha [185], and the
opposite in the case of hydration or dampness of the root canal [186]. This view does
not stand up to criticism, as many papers [118,187–189] indicate that gutta-percha has
undoubtedly better adhesion, and it was very often concluded that both materials behave
in the same way [190], even with the use of different sealants [181,191,192]. The result of
these differences is the other sealing abilities of individual materials, which have been
the subject of numerous studies [168,193]. Gutta-percha provides the best filling and
tightness in the root canal, which is reported in a large number of papers [160,194–207],
especially after longer periods [208,209], and even better antimicrobial protection than all
other filling materials, especially filling materials with a matrix made of polyester materials.
In the works [193,210–229], no differences were found in ensuring the tightness between
gutta-percha and filling material with a matrix of polyester materials. However, in one
of these studies, the advantage of the material with a polyester matrix was noticed in the
apical zone of the root canal. In several studies [223,230,231], it was found out that the
material with a matrix of polyester materials is not better than gutta-percha. Finally, in the
works [168,178,184,194,200,211,215,216,230,232–245], on the contrary, it is this material that
provides the best tightness and reduces the number of gaps. It has also been more effective
than mineral trioxide aggregate (MTA) [246,247]. The papers [225,248] also indicated that it
was not found that the technique of obturation, both cold and hot, was of any importance
in ensuring tightness [249], which the authors of this article find to be highly controversial
and not confirmed in their clinical practice. The effect of filling root canals with various
materials on the fracture strength of endodontically treated teeth was also investigated. The
obtained results are as ambiguous as in the previously discussed cases. It has been found
that filling with gutta-percha improves these properties to the greatest extent [250,251].
However, in the works [118,176,252–254], it is shown that it is the filling material with a
matrix of polyester materials that provides better properties than gutta-percha. However,
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other studies [255,256] indicated that these results did not differ, that there was no effect of
changing the filler material [257], and that the matrix material made of polyester materials
did not improve these properties [258].

A similar dispersion of opinions and assessments concerns the importance of material
selection for cytotoxicity and possible postoperative complications related to it. Gutta-
percha provides better resistance to cytotoxic interactions [259,260], although the opposite
also is believed [261,262], as well as that the interactions of both materials are compara-
ble [263–265]. Moreover, these fillings do not have antibacterial activity against many
bacterial strains [266], or the effect is residual [267]. The research was also carried out
on removing the filling if it was necessary to repeat the procedure [268–284], especially
after some time. It turns out that in several studies, the lack of any differences was indi-
cated [268,272], both with the use of hand tools [273–275] and rotary tools [269], although
the advantage of gutta-percha with and without chloroform was also indicated [272–276],
and when using other solvents, such as orange or eucalyptus oil [277], and when using
tetrachlorethylene [278]. On the contrary, the advantages of the filling material with a
matrix of polyester materials [279–282] were distinguished in this respect, also in the case
of using chloroform [268,279,280,283] and tools of the K3 type [279,282]. Thus, there are
still some sceptical opinions as to the need to replace gutta-percha with another synthetic
filling material based on polyester materials [284]. Many dentists still believe that this
material cannot compete with gutta-percha, although many examples have shown that this
may not be the case.

Nevertheless, such a significant dispersion of the results of the cited studies does not
allow for a precise formulation of conclusions, especially since the commonly accepted
mental abbreviation referring to the Hippocratic oath [285] dictates not to harm in the first
place. These research results do not formulate a detailed and substantive, ethical view that
gutta-percha should be replaced with another material, but it is no certainty that this is the
truth. There is still insufficient clinical evidence to form a firm opinion in this regard, so
further research is needed to determine the ranking of this filling material among all the
others and, above all, its possible advantage over gutta-percha.

3. General Concept and Scope of the Work Performed

In the literature on the subject, we can find numerous reports on both clinical aspects
of endodontic procedures performed by dentists, as well as publications focusing on the
technical side, including the selection of materials, root canal preparation and obturation
techniques, and the visualization results as given in Section 2 of this paper. Unfortunately,
this last aspect is presented many times that to a small extent, and most often is not
corresponding to the methodological and apparatus possibilities, which are currently at
the disposal of materials science and engineering. It should be noted that, in essence,
the materials and technology used in endodontics do not differ from other groups of
materials, and the fact that dentists undertake such tests cannot constitute a sufficient, or
actually any, justification in this matter. It should be stated, however, that works with a
proper methodological level also appear. Therefore, regardless of the will and need to
publish the substantive research results in this area, it was decided to present this paper
on methodological issues in this area, which may be useful to subsequent authors who
prepare their publications in this area.

Therefore, this paper presents a detailed methodological approach to objectivity in
the assessment of endodontic treatment through in vitro studies, including a compara-
tive analysis on the example of human incisors of the maxilla, canines, and single-canal
premolars of the maxilla and mandible, removed from various patients for orthodontic,
prosthetic, and periodontal indications, while respecting all ethical principles and under
the supervision of the territorially competent Bioethics Committee.

The tasks presented in this paper were focused mainly on the development of research
methodology. In a series of other publications [286], the detailed results of these studies in
which the methodology received less attention are presented. In this paper, however, only
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some symptomatic research results confirmed the adopted methodological approach. In
this sense, this paper is the first in a series of research results presented in this way. The
analysed methodological aspects included selection of:

1. Root canal filling material during endodontic treatment, assuming that the process
can be carried out both cold and warm;

2. The methodology of root canal preparation with the use of available methods and
various tools to ensure three-dimensional hermetization of the root canal with replace-
ment material;

3. Root canal obturation technology during cold and hot endodontic treatment;
4. The most advantageous visualization methods for assessing the effectiveness of en-

dodontic treatment, including the use of methodological experiences used in materials
science and engineering for the study of micro- and nanostructured objects.

To analyse these aspects, it is possible to use several basic methods of organization and
management: literature review; source data analysis; issue mapping; Social, Technological,
Economical, Environmental, and Political (STEEP) analysis; Strengths, Weaknesses, Oppor-
tunities, and Threats (SWOT) analysis; and auxiliary methods including benchmarking,
multicriteria analysis, and statistical methods. In this paper, several of these methods were
used to increase the knowledge of endodontic treatment and ensure greater clinical success.
For the selection of the filling material and the most beneficial developing and obturation
methods of the root canal due to the patient’s health conditions, and to develop a method-
ology for assessing the tightness of root canal filling, with a resolving power comparable
to that required in material engineering for the study of micro- or nanostructured objects,
a detailed multipoint research methodology was planned, including several subsequent
activities:

1. Performing a literature review and preliminary analyses to determine the scope
of materials, techniques for the development and obturation of root canals, and
the selection of methods for assessing the effectiveness of the filling, which will be
subjected to detailed tests, with the results presented in subsequent publications in
this series [286];

2. Performing a theoretical analysis using the methods of procedural benchmarking and
comparative analysis, with the use of contextual matrices to optimize the selection
of materials virtually, techniques for the development and obturation of root canals,
methods for assessing the effectiveness of fillings, which methods are usually used
among others in management science and especially in foresight research as part of
knowledge management; the results of the analyses are the subject of this paper;

3. Performing a series of in vitro tests on the removed human incisors of the maxilla,
canines, and single-canal premolars of the maxilla and mandible for empirical confir-
mation of the correctness of the methodology selected in the virtual analysis mode
presented in this paper, and substantive studies of the regularities presented in the
series of subsequent publications [286];

4. Development of teeth for testing with the use of rotary nickel–titanium conical drills,
and comparatively, nickel–titanium hand-held drills;

5. Obturation with filling material selected in the virtual analysis mode, with the use of
contextual matrices and comparative material based on polymeric polyester materials:
Resilon, of the trade name RealSeal, with the use of cold and hot techniques;

6. Demineralization of parts of the prepared and filled teeth with the use of various
analysed methods to prepare them for microscopic examinations;

7. Making longitudinal fractures in the parts of the prepared and filled tooth roots, after
cutting the notches along the axis of the teeth, cooling them in liquid nitrogen, and
making longitudinal fractures in these conditions initiated by the incisions made;

8. Performing materialographic examinations on the transverse and longitudinal sec-
tions of the prepared and filled tooth roots;

9. Performing microscopic examinations of exams, fractures, and demineralized teeth
with the use of a stereoscopic light microscope, scanning electron microscope, and
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confocal laser microscope to verify experimentally the developed methodology of
material selection, techniques for the development and obturation of root canals,
methods for assessing the effectiveness of fillings, and substantive tests of regularities
presented in a series of subsequent publications [286];

10. Development of methodological procedures for the selection of materials, devel-
opment and obturation techniques of root canals, assessing methods of the filling
effectiveness, and the substantive results of the examination of the regularities, to-
gether with the examinations of statistical results, presented in a series of subsequent
publications [286].

The implementation of the research tasks assigned in this way enables the achievement
of the following basic goals:

1. Selecting the conditions for the preparation and obstruction of the root canals to
ensure that the filling remains in the oral cavity of the endodontically treated teeth for
the longest possible time;

2. Selecting the optimal methods for the preparation and obturation of root canals,
ensuring the best tightness of the filling;

3. Development of the most appropriate and useful research methods to assess the
effectiveness of endodontic treatment due to the appropriate quality of root canal
fillings and the required high tightness, possibly with the minimum number of the
smallest gaps on the border of the root canal wall and the filling material;

4. Explanation of the reasons for the differences in the tightness of the filling between
the root canal wall and the filling material in connection with the considered methods
of root canal preparation and obturation;

5. In line with the previously presented assumptions, this paper covers the first three of
the presented research tasks, while the fourth task is the main content of subsequent
papers from the announced series [286].

4. Description of the Methodological Concept of Materials Selection, Techniques for
the Development and Obturation of Root Canals, and the Assessment of the
Effectiveness of Fillings

The assumptions of the so-called “digital twins” as an approach characteristic of
Industry 4.0 [64,65,67–98] and the resulting idea of Dentistry 4.0 [62,63,66] were adopted to
achieve the set research goals. The concept of the “digital twin” allows many experiments to
be carried out in a virtual space before the analysed product or object is physically created or
made available for research, even without its physical existence. Experimental verification
of the solution or variant selected virtually as the most advantageous is sufficient due to
considered criteria.

Therefore, appropriate laboratory tests were preceded by a theoretical analysis with
methods usually used, among others, in the science of management, especially in foresight
research as part of knowledge management, which also includes procedural benchmarking
and comparative analysis with the use of contextual matrices. To solve the issues consti-
tuting the essence of this paper, the methodology and research results, developed and
published in own works on surface engineering technologies [69,287–304], were appropri-
ately adapted.

Each time the issues subject to research using knowledge engineering must be consid-
ered while taking into account the background, which is the closer and further environment,
it is best to use integrated methods of strategic analysis. A SWOT analysis can be directly
implemented to characterize and assess the intensity of the impact of positive and negative
external factors, called opportunities and threats, respectively, additionally taking into
account internal factors: positive (strengths) and negative (weaknesses) (Figure 5).
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the significance of a given technology against others that also were analysed. When ap-
plying multicriteria analysis of each technology, four ratings should be given, expressing 
numerically its strengths, weaknesses, opportunities, and threats arising from the envi-
ronment. Depending on the predominance of strengths or weaknesses and opportunities 
or threats, each analysed group of technologies can be assigned one of four general strat-
egies of conduct (Figure 5b). It uses such a selected methodological apparatus, allowing 
for a comparative analysis of technology, defining critical technologies understood as pri-
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Multicriteria analysis can be used by defining technology assessment criteria to quan-
tify the strengths and weaknesses of technologies, as well as opportunities and threats
to them from the environment and assigning them, to sum up, weights reflecting their
importance, and then assessing individual technologies according to previously adopted
criteria in a specific scale. The Universal Relative State Scale (Figure 6) can be used; it is a
10-point unipolar positive interval scale without zero, where 1 is the minimum and 10 is
the maximum possible score.
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The numerical rating of the technology awarded under each of the criteria should be
multiplied by its weight. Then the individual partial results are summed up, thus obtaining
a weighted average that is a tool for comparative analysis, allowing us to determine the
significance of a given technology against others that also were analysed. When applying
multicriteria analysis of each technology, four ratings should be given, expressing numeri-
cally its strengths, weaknesses, opportunities, and threats arising from the environment.
Depending on the predominance of strengths or weaknesses and opportunities or threats,
each analysed group of technologies can be assigned one of four general strategies of
conduct (Figure 5b). It uses such a selected methodological apparatus, allowing for a
comparative analysis of technology, defining critical technologies understood as priority
technologies with the best development prospects and/or key importance in the industry.
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The basis for actions taken in this mode is expert knowledge; i.e., generally includ-
ing the life and professional experience of experts. This assessment can be objectified by
consulting a large group of experts, although the view can be obtained even after using
the knowledge of one expert who is close to the issues assessed. It is about transforming
inherently difficult to measure, tacit expert knowledge into explicit knowledge, available to
the environment and possible to describe in the form of, e.g., a publication or a feasible pro-
cedure (Figure 7a), with the use of qualitative, semiquantitative and quantitative methods
dedicated to this task. In the undertaken activities, the benchmarking method is helpful; it
is based on comparing the situation of the assessed entity to the leader, on using to solve
problems of a similar type, and proven and effective solutions successfully applied in other
areas. The approach presented in this paper uses research methods from a completely
different subject area. The material engineering research apparatus and the achievements of
technological foresight of surface engineering were used to assess the quality and tightness
of root canal fillings. An approach from the area of concurrent engineering was also used,
the essence of which boils down to the methodology of solving important tasks, in this
case concerning the methodology of endodontic treatment, by a sufficiently large group of
participants, as a result of combining activities and knowledge and the obtained synergistic
effect (Figure 7b).

Processes 2021, 9, x FOR PEER REVIEW 15 of 48 
 

 

The basis for actions taken in this mode is expert knowledge; i.e., generally including 
the life and professional experience of experts. This assessment can be objectified by con-
sulting a large group of experts, although the view can be obtained even after using the 
knowledge of one expert who is close to the issues assessed. It is about transforming in-
herently difficult to measure, tacit expert knowledge into explicit knowledge, available to 
the environment and possible to describe in the form of, e.g., a publication or a feasible 
procedure (Figure 7a), with the use of qualitative, semiquantitative and quantitative meth-
ods dedicated to this task. In the undertaken activities, the benchmarking method is help-
ful; it is based on comparing the situation of the assessed entity to the leader, on using to 
solve problems of a similar type, and proven and effective solutions successfully applied 
in other areas. The approach presented in this paper uses research methods from a com-
pletely different subject area. The material engineering research apparatus and the 
achievements of technological foresight of surface engineering were used to assess the 
quality and tightness of root canal fillings. An approach from the area of concurrent engi-
neering was also used, the essence of which boils down to the methodology of solving 
important tasks, in this case concerning the methodology of endodontic treatment, by a 
sufficiently large group of participants, as a result of combining activities and knowledge 
and the obtained synergistic effect (Figure 7b). 

 
Figure 7. Schemes of context matrices: (a) knowledge availability; (b) dependence of the complexity of the problem to be 
solved on the number of participants in concurrent engineering; (c) dendrological value of technology—presentation of 
the approach. 

Positioning of the method or procedure among those covered by the analysis and 
their usefulness in endodontological treatment is achieved by a set of contextual matrices, 
containing in particular matrices analogous to dendrological technology value matrices, 
adopted in the foresight analysis of surface engineering technology, where individual 
technologies were positioned depending on their potential and attractiveness, using orig-
inal dendrological matrices (Figure 7c). These matrices are tools for comparative graphical 
analysis of particular methods and materials or their groups. The dendrological matrix of 
technology values graphically presents the assessment of individual groups of technolo-
gies in terms of their potentials, which is the real objective value of a given technology 
and attractiveness, reflecting the subjective perception of a given technology among its 
potential users. 

The potential of a given group of technologies, expressed with the use of the previ-
ously described 10-degree universal scale of relative states, plotted on the horizontal axis 
of the dendrological matrix, is the result of a multicriteria analysis carried out based on 
expert assessment, taking into account in appropriate proportions the creative, applica-
tion, qualitative, developmental, and technical potential expressed by an appropriately 
selected set of criteria that were assigned appropriate weights. On the vertical axis of the 

Figure 7. Schemes of context matrices: (a) knowledge availability; (b) dependence of the complexity of the problem to be
solved on the number of participants in concurrent engineering; (c) dendrological value of technology—presentation of the
approach.

Positioning of the method or procedure among those covered by the analysis and
their usefulness in endodontological treatment is achieved by a set of contextual matrices,
containing in particular matrices analogous to dendrological technology value matrices,
adopted in the foresight analysis of surface engineering technology, where individual tech-
nologies were positioned depending on their potential and attractiveness, using original
dendrological matrices (Figure 7c). These matrices are tools for comparative graphical
analysis of particular methods and materials or their groups. The dendrological matrix of
technology values graphically presents the assessment of individual groups of technologies
in terms of their potentials, which is the real objective value of a given technology and
attractiveness, reflecting the subjective perception of a given technology among its potential
users.

The potential of a given group of technologies, expressed with the use of the previ-
ously described 10-degree universal scale of relative states, plotted on the horizontal axis
of the dendrological matrix, is the result of a multicriteria analysis carried out based on
expert assessment, taking into account in appropriate proportions the creative, application,
qualitative, developmental, and technical potential expressed by an appropriately selected
set of criteria that were assigned appropriate weights. On the vertical axis of the dendrolog-
ical matrix, the level of attractiveness of a given group of technologies was plotted, being
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a weighted average of expert assessment made based on detailed criteria corresponding
to economic, ecological, humanistic, natural and systemic attractiveness. Depending on
the value of the potential and the level of attractiveness, which were determined as part
of the expert assessment, each of the analysed technologies or, more generally, objects
were placed in one of the matrix quarters, which were distinguished in the dendrological
matrix of the value of technologies or other analysed objects. This approach has already
been generalized and used to analyse many problems related to, among others, materials
engineering, surface engineering, and technology of material processes, included in our
own published works [1,64,69,132,287–314] and in the works of other authors [315–328].

Depending on the location of the analysed aspect, product, or object in a given quarter,
one can conclude about its successes, respectively market or methodological, as in the
discussed case concerning endodontics. Because of the generalization of the method, in
this case, to the issues of endodontics, the concepts of potential and attractiveness should
also be treated as generalized, and can be selected in each specific case according to actual
needs.

The quarter of wide-stretching oak includes technologies or aspects characterised by
the high potential in the range (5.5; 10) and high attractiveness (5.5; 10), reflecting the best
possible situation for future success and expansion; e.g., market. The analysed case is,
of course, a comparative analysis of the aspects characterizing individual methods and
materials used in endodontics.

The quarter of the soaring cypress tree includes technologies or, more generally, objects
with limited potential in the range (1; 5.5), but with high attractiveness in the range (5.5; 10),
which makes these technologies possible. However, care should be taken that the apparent
advantages of such an object or aspect do not obscure the actual application possibilities.

The next quarter of rooted dwarf mountain pine includes technologies and, more
generally, objects of limited attractiveness in the range (1; 5.5), but with high potential in
the range (5.5; 10), making their future success highly probable. However, it would require
a lot of additional activity to improve the practical applicability of such locations.

The quarter of quaking aspen, on the other hand, contains the weakest technologies
or objects on limited potential in the range (1; 5.5) and of limited attractiveness in the range
(1; 5.5), whose future success is unlikely or impossible in such a situation; very often it is
necessary to refrain from engaging in activities aimed at the practical application of such a
solution.

The inspiration for developing methodological assumptions during the creation of the
dendrological matrix was the portfolio methods commonly known in management sciences,
serving to characterize the company’s product portfolio. The methodological construction
of dendrological matrices and all other portfolio matrices allows for a graphic presentation
of the comparative analysis carried out, with results based on two criteria/factors placed
on the horizontal (x) and vertical (y) axis of the matrix, respectively. The most famous
matrix of this type was developed by the Boston Consulting Group (BCG) [329] (Figure 8a).
BCG matrices owe their extraordinary popularity to their appeal to simple associations and
intuitive inference. In management sciences, associations with the star as the dominant
market entity and cash cow are well known, and the dog is a symbol of a failed offer while
a question mark does not bode well for a given project but does not exclude it.
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Even though the methodological assumptions are analogous to the previous one, such
a matrix concerning the technology was called the meteorological matrix of environmental
impact, concerning the graphical analysis of the influence of external factors on particular
groups of technologies, or other aspects, respectively. The group of such matrices also
includes the so-called “Maps of M.F. Ashby”. However, their structure consists of two
groups of properties of engineering materials; for example, as presented in Figure 8b. Simi-
larly, it is possible to analyse directly the difficulties affecting negatively and opportunities
positively influencing the analysed aspects in dentistry. Figure 8c schematically presents
the authors’ general concept of the matrix of advancement and treatment of oral diseases.
In the following chapters, the authors’ quantitative assessments of the impact of various
factors on the effects of endodontic treatment are presented.

In the case analysed in this paper, appropriate, proprietary contextual matrices for
endodontics were developed, containing strategic positions of individual methods resulting
from this work. The axes are equipped with descriptors other than in the case of the
surface engineering technology analysis, adequate for the analysed problem of selecting
the appropriate root canal filling material, selecting the optimal method of developing and
filling the root canal, and an effective method of assessing the tightness of the root canal
filling, guaranteeing the effectiveness of endodontic treatment. To select the descriptors
listed for research, we determined their generalized attractiveness for them and used
the technique of procedural benchmarking, using the weighted scoring method for the
analysis of preferences and the universal scale of relative states. The ranking and scoring
methods were used to analyse tendencies, and general attractiveness in the analysed
contexts was adopted as the basic criterion. This procedure was used to decide what
research issues should be dealt with using the literature knowledge. First, the materials
that best performed their functions when used for filling root canals were identified. Their
attractiveness was analysed in terms of mechanical strength influencing a potential root
fracture and the quality of the filling performed in the root canal. Next, using the effect
of the first analysis, an analysis of obstruction techniques used in root canal treatment
with the use of previously selected materials was carried out. The usefulness of these
techniques was analysed in terms of the technique’s effectiveness and the resistance of the
used material to tooth root fracture. This feature is of key importance in determining the
durability of the applied filling and, consequently, the effectiveness of the entire treatment.
The analysis of the assessment results of obturation techniques allowed the third analysis
to be carried out, which determined which techniques of root canal filling with previously
selected materials and obturation techniques would meet the patient’s requirements. The
attractiveness of root canal filling methods was checked in terms of the quality of the
performed filling and organizational aspects, including the overall cost of applying the



Processes 2021, 9, 926 18 of 48

technique and the difficulty of mastering the technique by the operator. The last analysis
concerned the method selection for assessing the tightness of root canal fillings, which
would be best for the analysed materials combined with organic material. The methods
used on a large scale in studies dealing with the topic of tightness of root canal fillings
were analysed, and methods used in other fields of knowledge could be implemented for
use in this case. All the results of these analyses have been included in this paper and an
exemplary description of the obtained test results. The detailed test results will be included
in subsequent papers from the announced series.

The generalized attractiveness was determined for comparative evaluation, aimed at
qualifying the importance of individual features in the relationship between them, using
the weighted scoring method. The principle of relativization of evaluation criteria was
applied, assuming differences in the significance of the criteria used, and the principle of
admissibility. It used a specific group of admissibility conditions, constituting a selection
filter that positively or negatively qualified a given object. The weighted scoring method
allowed for the multicriteria aggregate assessment using a range scale. Detailed evalua-
tion criteria were adopted, and their gradation was introduced. The specific weights to
individual criteria were assigned based on the literature analysis on the considered criteria,
interviews with dentists, and our own experience gained during dental practice. Then, the
weighted values for the individual criteria were calculated. The values that were the basis
for the comparative analysis were summed up to obtain finally. Table 1 presents the types
of proprietary endodontic contextual matrices developed and presented in this paper.

Table 1. Types of contextual matrices related to endodontics presented in the paper.

No. Table Figure Analysed Dependence on the
Context Matrix

Quantity on the Horizontal
Axis (Generalized Potential)

Quantity on the Vertical Axis
(Generalized Attractiveness)

1. Table 2 Figure 4 Materials selection Generalized index of material
quality for root canal filling

Generalized index of material
strength in the root canal

2. Table 3 Figure 5 Root canal development
technique selection

Generalized organizational
index of techniques for the
development of root canals

Generalized index of the
quality of filling with selected

techniques

3. Table 4 Figure 7 Techniques of obturation selection
Generalized index of material
strength applied in root canal

obturation techniques

Generalized index of the
effectiveness of root canal

obturation techniques

4. Table 5 Figure 8 Assessing the tightness of root
canal filling selection

Generalized index of
organizational conditions

Generalized index of
investigations effectiveness

5. Description of Authors’ Contextual Matrices Concerning Materials for Filling
Root Canals

The seven most common materials used to fill root canals for obturation were analysed.
The suitability of individual materials depended on the material strength index in the root
canal and the material quality index. To determine the strength index of the material in the
root canal, we assessed to what extent the assessed material in the root canal strengthens the
tooth root after time so that it maintains mechanical resistance to fracture in combination
with keeping the tightness of the filling by minimizing resorption of the filling over time.
The material quality index in the root canal was determined by analysing the features of
individual materials according to the criteria proposed by Grossman [330]. The impact of
the introduced material on the patient’s body; the possibility of eliminating bacteria from
the filled root canal also through the possibility of sterilization, increasing the asepsis of
the treatment and minimizing the risk of reintroducing bacteria into the treatment area;
the ease with which the material can be removed in the event of retreatment, as well as
the possibility of correct X-ray diagnostics and control were assessed. Table 2 lists all
the analysed materials used to fill the root canals and specifies the criteria of mechanical
strength influencing a potential root fracture and the quality of the root canal filling.
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Table 2. The set of criteria adopted for the virtual contextual analysis regarding the selection of the material filling the root
canal during endodontic treatment.

General Descriptors
Criteria for Determining the

Generalized Quality Index of the
Root Canal Filling Material

Criteria for
Determining the

Generalized Strength
Index of the Root

Canal Filling Material
Material Application

Form/Consistency

Method of
Application to the
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Based on silicones On the Lentulo
needle

Based on calcium
hydroxide Paste

As a sealant for
studs

glass ionomer
cements

As a gutta-percha
sealant

Weight 0.1 0.25 0.4 0.2 0.05 0.4 0.6

The performed analysis allowed for the elimination of three materials from further
considerations, which stood out after the analysis, without achieving minimal results in
terms of the normality of relative states. Silver studs and materials based on zinc oxide
and eugenol achieved both quality and strength indexes that were below average, while
materials based on calcium hydroxide achieved a quality index at a high level; however,
when compared to the index of material strength in the root canal, the overall result turned
out to be unsatisfactory because, despite the fulfilment of the Grossman criterion, it was
not certain whether the analysed material would be able to preserve the patient’s tooth
several years after the treatment. The remaining four obturation methods achieved high
results in the strength index of materials in the root canal. Still, none of them reached the
filling quality index at the level of normality. The analysis results showed that none of
the materials selected for evaluation was flawless. Still, it was possible to decide which
materials stood out from the others unequivocally. Those were selected for further research,
the detailed results of which are presented in the announced series. Thus, the analysis of
the results made it possible to select two materials for further research: a filling material
based on gutta-percha and a material based on polymeric polyester materials. The first
one achieved an excellent result in terms of strength and a relatively high level of filling
quality. On the other hand, the second material had a worse strength score but a relatively
high-quality index. Figure 9 shows the attractiveness matrix of materials used to fill root
canals, including the results of the analyses performed and described above.
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6. Description of Authors’ Contextual Matrices Relating to Techniques for the
Development of Root Canals

For an endodontic treatment to proceed without complications, it is extremely impor-
tant to select the root canal preparation technique correctly. Therefore, all three currently
used techniques of development were analysed: laser techniques, ultrasound techniques,
and commonly used mechanical techniques, including the material from which the tools
are manufactured. The usefulness of unique techniques for the development of the root
canal and the material of the tools was dependent on the quality indicator of the per-
formed root canal preparation. In this context, the feasibility of conical preparation and
the potential for errors during the procedure, such as pushing the cut dentin beyond the
periapical opening and the loss of the natural course of the canal results in the formation
of niches, were assessed. Another extremely important element is the minimization of
the risk of breaking the tool in the canal. Hence, the highest importance was given to this
feature. The possibility of disinfecting the root canal and the risk of thermal damage to
the tooth tissues were also assessed. These have a major impact on the time the treated
tooth can remain in the mouth without complications, such as bacterial growth and bone
changes. The second aspect in which the techniques for the development of root canals
have been analysed were organizational conditions, which include the unit cost of the
procedure, which should be understood as the cost of purchasing equipment, replaceable
tips, materials used in a given technique, and the duration of the procedure. These factors
affect the costs of the procedure and the difficulty of mastering a given technique by the
dentist, taking into account access to specialist training, the duration and costs of training,
and the period in which the operator will be fully operational. Table 3 summarizes all the
described techniques for the development of root canals and specifies the quality criteria
for developing root canals and the related organizational conditions.
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Table 3. The set of criteria adopted for the virtual contextual analysis concerning the selection of techniques for the
development of root canals in endodontic treatment.

General
Descriptors–Techniques
for the Development of

Root Canals

Criteria for Determining the Generalized Quality
Index of the Root Canal Filling with Selected

Techniques

Criteria for Determining the
Generalized Organizational Index of
Techniques for the Development of

Root Canals
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Weight 0.3 0.2 0.1 0.1 0.2 0.1 0.5 0.5

The analysis made it possible to eliminate two techniques of root canal development
from detailed studies i.e., the laser technique and the ultrasound technique. The laser
processing technique achieved an average result in terms of the quality of the prepared
study. The value of the indicator of organizational conditions was disqualified because it
is an extremely expensive and complicated method, and the expenditure incurred does
not translate into measurable benefits from its use. Therefore, it was rejected as nonde-
velopmental. The technique of root canal preparation using ultrasound also achieved
unsatisfactory results in the attractiveness analysis. This technique was extremely average
in terms of the quality of the studies performed and disqualifying in terms of organizational
conditions. The costs of its use, similar to laser technology, are very high, and the quality
of the study was not higher than with mechanical methods. Therefore, the analysis results
allowed the choice of mechanical methods, as they have just achieved the best results due
to the analysis carried out.

It should be noted, however, that mechanical methods are not without weaknesses.
Their effective use also requires experience, and the risk of complications is also high.
However, the cost of their use is relatively low due to the universality of their application,
and the access to training materials and courses is wide, which makes it easier for the
operator to acquire skills allowing for their wide application in a relatively short time.
A better-quality index characterized the method using steel tools, but a lower index of
organizational conditions than the technique using nickel–titanium tools. The selection
between these two methods depends on the specific case and operator preference. As the
results of the analyses show, there is a need to find a method of developing a breakthrough
method of developing root canals that will meet the requirements of dentists to a greater
extent than the ones used so far, and even more important requirements resulting from the
actual needs of patients. Figure 10 shows the attractiveness matrix for techniques for the
development of root canals.
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7. Description of the Authors’ Contextual Matrices Concerning the Techniques of
Obturation of Root Canals

The attractiveness of root canal filling methods should be analysed in terms of the
quality of the filling and organizational aspects. The effectiveness of obturation methods
was determined by first analysing the risk of pushing the material beyond the root apical.
This is an important aspect of the period during which the treated tooth remains in the oral
cavity without pain symptoms and lesions requiring its removal. An important element
is the volume of the sealant used, because its high presence in the treated canal may
result in the appearance of fissures in which bacteria develop over time and a reduction
in the mechanical resistance of the root to fracture. The sealant is characterized by rapid
resorption over time and, in fact, little mechanical strength. An additional analysed
criterion for the evaluation of obturation methods is the possibility of filling additional
tubules, which additionally reduces the risk of the occurrence of places where bacteria
can develop. The last analysed criterion is the speed of applying the technique. It is a
less-important feature, but due to the need to perform the procedure in cooperation with
the patient experiencing pain, weariness, and fatigue, the obturation procedure should not
take too long. For these reasons, this feature was included in the analysis, but with the
lowest weight. The analysis in this aspect should be treated as control of the excessively
long working time of the operator. Simultaneously, the speed of the procedure itself is
not an aspect that distinguishes the method used. Table 4 summarizes all the described
techniques of obturation, and lists the criteria and the weights assigned to them in detail,
characterizing the analysed obturation techniques.

The analysis made it possible to unquestionably eliminate from detailed studies the
method of filling the canal with paste as significantly different from the other methods,
and the method of the central cone, which showed average values in terms of effectiveness.
The cold lateral condensation technique achieved very good results in terms of the strength
of the material used to fill the root canal, but only average results in terms of effectiveness.



Processes 2021, 9, 926 23 of 48

Table 4. The set of criteria adopted for the virtual contextual analysis concerning the selection of assessing the tightness of
root canal fillings during endodontic treatment.

General Descriptors Criteria For Determining
the Generalized Quality Index

of the Root
Canal Obturation

Technique
Effectiveness
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Cold side condensation Gutta-percha or material
based on polyester polymeric

materials + sealant

Cold plugger

Hot side condensation Hot plugger + cold
plugger

Thermo-mechanical
condensation

Gutta-percha on a compactor;
e.g., Quickfill + sealant Caecum
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Gutta-percha on plastic; e.g.,
Thermafil + sealant
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materials + sealant
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plugger, hot

gutta-percha feeding
device; e.g., System B +

Obtura III

Weight 0.15 0.05 0.3 0.5 0.4 0.6

The analysis shows that the lateral heat condensation of the root canal filling with
material based on gutta-percha plasticized on a plasticizer achieved better results than
other methods. The most attractive technique of root canal obturation turns out to be
the Thermo-Hydraulic-Condensation (THC) technique, which obtained the best results
both in terms of effectiveness and strength. The matrix of the attractiveness of root canal
obstruction techniques is presented in Figure 11.
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8. Description of the Authors’ Contextual Matrices Concerning the Methods of
Assessing the Effectiveness of Fillings

An analysis was made of which techniques worked best when using the analysed
filling materials in combination with organic material. The techniques that were analysed
are used on a large scale in dentistry, as well as in other fields of knowledge, mainly
in material engineering, and are possible to implement in endodontics to select the best
methods for assessing the tightness of root canal fillings. The visualization methods were
compared with other methods described in the literature [132], taking into account the
effectiveness of the tests performed and organizational conditions to assess the validity
of the choice of evaluating the tightness of root canal fillings. The effectiveness of the
research was analysed, which was significant from the point of view of the obtained results,
depending on the incurred organizational expenses necessary to conduct the research. For
this purpose, a generalized test effectiveness index was created that consisted of equal parts:
the effectiveness and sensitivity of the tests performed, assessed based on the literature, and
the accuracy of the determination, which should be understood as the method of evaluating
the filling of the canal and the suitability of the tested test method for quantifying the
leakage at the border root canal fillings and walls. The second indicator used for this
analysis was the generalized indicator of organizational conditions. As part of this issue,
the procedure for preparing the specimen for the test; the course of the test, including
the invasiveness of the analysed method; and the costs of conducting the test, including
the costs of materials, investment costs, and the costs of the entire research equipment,
were analysed. The attractiveness of the methods of assessing the quality of root canal
fillings was checked in terms of the quality of the filling and organizational aspects. Table 5
summarizes all the described methods of tightness testing on the border of the root canal
filling and wall, and specifies the criteria for the effectiveness of the tests and organizational
conditions. The graph was also supplemented with a graphic border between normality
and average, which facilitated the analysis of the presented results. Simultaneously, the
boundary of the excellence group has not been given, but the maximum values shown in
the graph are the boundary of excellence.

Table 5. The set of criteria adopted for the virtual contextual analysis concerning the selection of techniques of obturation
during endodontic treatment.
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The weighted scoring analysis conducted allowed for the conclusion that quantitative
methods obtained the lowest scores, including the liquid transport model, lightening
technique, dye penetration test, test of bacterial penetration and their metabolites, glucose
penetration test, and a method using an optical microscope, for which it should be said that
they are of marginal importance and, as they have the little prospect and poor prospects
for the future, they were not used in the further part of the research presented in the series
of publications.

The analysis showed that among the methods for assessing the tightness of root canal
fillings presented on the attractiveness matrix, the highest values and a clear advantage
over other methods in terms of effectiveness were obtained by visualization methods using
materialographic microscopes. The advantage of visualization methods is obtaining a
sufficiently high resolution with which the tested preparations can be observed, which ab-
solutely determines the observations’ details and allows the measurement of the observed
changes. Simultaneously, in these methods, it is possible to undoubtedly determine the
type and details of the tested material, which also allows assessing how the sealant and the
filling material are positioned in the channel being filled. Thanks to these methods, one
obtains complete knowledge of the content of the filled channel.

All available materialographic microscopes were used in the research, including the
ZEISS automated Stereo Discovery V12 stereoscopic light microscope with an HRC camera,
the LSM Exciter confocal laser microscope for materialographic examinations based on
the Axio Observer microscope by ZEISS (sources: HeNe 633 nm 5 mW, HeNe 543 nm 1
mW, argon 458/488/514 nm, 25 mW, V 405 nm diode), a Park Systems AFM XE-100 atomic
force microscope, a SUPRA 35 high-resolution scanning electron microscope by ZEISS
together with WDS, an EDS spectrometer, and an EBSD TRIDENT XM4 camera by EDAX.
The assumption was made, which was confirmed experimentally, that with the use of this
equipment, it is possible to test various materials, not only engineering materials, and
therefore also a special group of them, which were removed human teeth filled in the root
part with appropriate filling and sealing materials. The method using the light microscope
obtained results on the borderline between normal and average. Separate experiments
were related to the use of the confocal laser microscope and the atomic force microscope.
Research with the use of these microscopes was mainly of methodological importance.
Research methods using a stereoscopic light microscope, a confocal laser microscope, and a
scanning electron microscope have achieved values of excellence. Therefore, they constitute
the basic methods useful for the mentioned purpose in endodontics.

The best result in the analysis was obtained by using a scanning electron microscope,
which has one of the highest resolutions and enables by far the best accuracy of the mapping.
Using this microscope, a properly prepared specimen can be viewed with the possibility of
a precise assessment of various types of materials viewed, which was of key importance
in the conducted research. The sample preparation process prepared for the needs of
the described research allowed for obtaining longitudinal fractures, which, without any
noticeable losses, made it possible to assess the tightness of fillings in the prepared root
canals.

The scanning electron microscope is useful for observing structural details on longitu-
dinal fractures covered with a thin layer of vacuum-sputtered gold, completely invisible
in the applied magnification range, ensuring electrical conductivity of the tested surface,
and revealing details of the structure of the tight connection of dentin and filling material,
as well as for measuring the width of the gap in in the event of its disclosure, and to iden-
tify the structure and chemical composition of sealants using the EDS (energy dispersive
spectrometer) analyser.

Materialographic analysis with the use of a stereoscopic light microscope was used
to observe the general view of the examined teeth after decalcification, where the course
of the root canal filling was revealed, as well as two canals in the two-canal tooth, the
root delta, and the course of the lateral canals. This preparation method, despite the fact
that it lasted several weeks, allowed for very interesting research results. The stereoscopic
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light microscope was also useful for the observation of fractures, including longitudinal
fractures, and was the most useful due to the adopted technique of measuring the identified
gaps between the dentin and the filling material, and between the dentin and the sealant.

Materialographic examinations require proper specimen preparations to enable the
observation of the examined teeth. For observation with a stereoscopic light microscope,
materialographic specimens were prepared on longitudinal sections, or after the transverse
cutting of the teeth filled with filling material, by embedding in a thermosetting resin and
mechanical grinding successively on abrasive papers with smaller and smaller grain size,
and then on diamond pastes that had a grain size of up to 3 µm. As the preliminary tests
showed, due to the cracks formed during the preparation of the specimens by excessive
heating, the filling material was smeared on the surface and additionally penetrated the
newly formed cracks, and the abrasive from abrasive papers, and perhaps also from the
diamond pastes, was arranged almost parallel on the surface of the soft elements of the
structure, mainly in the filling material. They provided an example, along with other
similar experiments on other preparations, that materialographic examinations are not
a useful technique for preparing specimens to determine the effectiveness of root canal
obturation, which practically eliminated the possibility of using this type of preparation.
Therefore, the number of tests using this technique was limited, and the recording of results
was limited to only methodically necessary cases. While the preparation of specimens for
testing using an atomic force microscope did not require any extraordinary measures, in the
case of leakage between the dentin and the seal, it posed a unique threat to the equipment.
In the course of the described tests, the scanning probe blade was broken twice, jammed in
the deep but narrow opening of the gap between the dentin and the filling.

The use of such specialized research equipment, especially a scanning electron micro-
scope, requires a complex technical base and specialist knowledge necessary to operate the
research equipment. The relatively unfavourable elements of the evaluation of this method
included limited access to such research equipment, the purchase of which is very expen-
sive, and the use of which requires extensive knowledge and high skills. However, we
also considered that the analysis concerns the performance of research that can be carried
out across multiple disciplines, and equipment of this type is found in many universities.
In industrial laboratories, it can be concluded that this is not a context that disqualifies
this method from research for endodontics. In the performed analysis, all organizational
aspects were assessed. It can be concluded that the incurred labour and financial inputs
are compensated by the high quality of the research results obtained.

The methodological studies reported in this chapter and the examples presented in
it indicate the possibility of performing materialographic tests using all five analysed
microscopes. The most effective way is to select the preparation of longitudinal fractures
as the appropriate methodology for preparing teeth for materialographic observations,
preferably using automated materialography, a stereoscopic light microscope, and a high-
resolution scanning electron microscope. Figure 12 shows the attractiveness matrix for the
assessment of the tightness of root canal fillings.
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Measurements of the width of the gaps between the root canal wall and the filling
material were made using scanning electron microscope tests in the magnification range of
1000–5000×, and the microscope software, which had a built-in mechanism for measuring
the distance between two markers set by the operator. The width of the gap is a measure of
the effectiveness of the treatment endodontic. Tight filling of the apical section is extremely
important during endodontic treatment because it is the last barrier that protects the
periapical tissues against possible bacterial infection penetrating the canal from the side
of the leaky cavity in the tooth chamber. The assessment of the tightness of the root canal
filling was first made by determining whether the filling leaks were present and how
numerous they were in any of the three sections of the root canals: parapillary, middle, and
apical. Moreover, the number of leaks in these three segments was summarized, as their
sum indicated the quality of the filling in the entire tooth. In addition, it was necessary to
establish:

1. The number of leaks along the entire length of the root canal;
2. A representative value characterizing the mean dimensions of such leakage.

A comparative analysis of the width of the slots was also performed, and the results of
the measurements of these widths were statistically analysed. The following calculations
were made:

1. Mean value;
2. Standard deviation;
3. Confidence interval with the assumed significance level of 0.95;
4. Mean difference significance test.

The “Statistica 13” program was used to perform the calculations, while the charts
were prepared using the “MS Excel 365” program. The calculations results are presented in
the graphs.

9. Experimental Verification and Examples of the Application of the Selected Methods
to Evaluate the Effectiveness of Root Canal Filling

This section of the paper presents the results of in vitro experimental studies to confirm
the possibility and correctness of selecting methods for assessing the effectiveness of root
canal fillings performed in the virtual analysis mode with the use of comparative matrices.
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In vitro studies included 80 single-canal incisors in the maxilla, maxillary, and mandibular
canines, and maxillary and mandibular single-canal premolars removed for orthodontic,
prosthetic, and periodontal indications. Among these teeth, two sets of 32 and 48 teeth, and
5 groups, each containing 16 teeth, were identified below. Immediately after extraction, the
test material was placed in 0.2% chloramine solution for 24 h, then rinsed and transferred
to distilled water. These teeth were selected after the rejection of approximately 25% of the
preprepared single-canal teeth not meeting the established requirements. In particular, teeth
with a damaged root part were excluded from the study due to fractures, cracks, or root
resorption, as well as teeth from adolescent patients with incomplete development of the
apical part of the root or teeth damaged during sample fractures, which was revealed only
during the examination with the use of light stereoscopic microscopy methods. Correctly
selected single-canal teeth were prepared and filled with the assumptions described in this
paper. Before processing, each tooth was cleaned and rinsed in 0.9% NaCl solution, and
then the tooth crowns were cut off at the height of the tooth neck with a diamond separator
placed on the prosthetic handpiece. During the mechanical preparation of the root canals,
a lubricant containing glycerin, sodium edetate, and urea peroxide RC-Prep (Premier) was
used. The task of the lubricant during the preparation of the canal was to remove the
smear layer covering the canal dentine and facilitate the mechanical preparation of the
canal with the tools used. Between each instrument subsequently introduced into the root
canal, irrigation with 2.25% sodium hypochlorite solution and 0.9% saline solution was
performed alternately.

Among all prepared teeth, two sets were specified due to the preparation of root
canals with hand or rotary tools. Then, five groups were completely separated due to the
filling material and the method of obturation.

A 32-tooth set of 2 groups was processed with hand tools (ProTaper, Dentsply/Maillefer).
Each canal was prepared in two stages. In the first stage, the peritoneal part was widened
with the S1 tool, then the SX tool with the highest 19% taper was inserted into the same
part of the canal, after which the length of the canal was measured with a 10 ISO Kerr file,
from which 1 mm was subtracted. The working length was determined based on the length
of the tooth canal minus 1 mm (as the average distance between the anatomical apex and
the physiological narrowing of the root canal). The channel was subsequently developed
to the full working length with the S1 and S2 tools. The next four tools, numbered F1, F2,
F3, and F4, were introduced to the full working length, widening and smoothing the root
canal walls. Each instrument introduced was followed by a channel recapitulation with the
Kerr tool. As a result of the development and filling of root canals, the research material
selected according to the previously mentioned principles was divided into five groups.

The second set of 48 teeth, consisting of 3 groups, was developed with rotary tools
up to an ISO size of 40 using the X-Smart endodontic micromotor (DentSply/Maillefer).
Of these teeth, 16 were processed with hand tools (ProTaper, DentSply/Maillefer), and
the remaining 32 teeth were processed with K3 tools (Sybron Endo). Each channel was
developed in two stages. In the first stage, the canal mouth was developed using K3 tools
with the symbols 10/25 and 08/25, with a tool taper of 10 and 8%, respectively. Then,
the root canal length measurement was performed by inserting a 10 ISO Kerr file and
subtracting from the full length of 1 mm, determining the working length as the average
distance between the anatomical apex and the physiological narrowing of the root canal.
Subsequently, the canal was developed to the full working length with tools in sizes of
0.4/20, 0.4/25, 0.4/30, 0.4/35, and 0.4/40. Each instrument introduced was followed by a
channel recapitulation with the Kerr tool.

In two groups, 32 teeth were filled with the method of lateral condensation. In the
first group, the canals were filled with the lateral condensation method, and the filling
material was made of a material based on a gutta-percha matrix. After drying the root
canal, a F4 size gutta-percha point (DentSply/Maillefer) stud was fitted, corresponding
to the last tool used to prepare the canal to the full working length. Before obturation,
each canal was thoroughly dried with paper points. A thin layer of sealant (AH Plus
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type, DentSply/Maillefer) was applied to the walls with a paper filter in each canal. Each
stud made of a material based on gutta-percha was decontaminated in 2.25% sodium
hypochlorite solution and then placed in the root canal on the full, previously determined
working length. Then, due to the large convergence of the main cone, which corresponded
to the variable taper of the ProTaper tool, an expander with the size of 20 ISO, with a
taper of 2%, was selected. If using a silicone stopper, a length 1 mm shorter than the
length on which the main stud was inserted was determined for the plugger. After the
placement prepared by the manual pusher, the canal was supplemented with studs made
of gutta-percha matrix material with a convergence of 2% in the size corresponding to the
pusher used. The filling of the canal was completed when it was impossible to insert the
expander into the canal.

In the second group, the teeth were filled with the lateral condensation method; the
filling materials were Resilon points based on polyester polymer materials (RealSeal, Sybro-
nEndo) with a convergence of 4% and 2%, respectively. Because the sodium hypochlorite
solution may negatively affect the bond strength, each canal was thoroughly rinsed with
0.9% saline solution before drying to neutralize the residual hypochlorite. Before obturation,
each canal was thoroughly dried with paper points. A root stud (RealSeal, SybronEndo)
with a taper of 4% was fitted to each canal, corresponding to the apex of the last MAF
instrument to prepare the canal. Then, the self-etching conditioner included in the kit
(RealSeal, SybronEndo) was applied to the root canal walls with a paper filter. Then a thin
layer of sealant (RealSeal, SybronEndo) was placed on the canal walls with a paper filter,
and a previously selected main stud was inserted into the canal. A 20 ISO plugger with a
taper of 2% was chosen successively.

Similar to inside condensation, a length of 1 mm shorter than the length on which the
main stud was inserted was established using a silicone stopper on the pusher. After the
manual plugger had prepared the site, the canal was supplemented with studs (RealSeal,
SybronEndo) with a taper of 2% in the size corresponding to the plugger used. After filling
the canal, the mouth of the canal was irradiated with the light of a polymerization lamp for
40 s to immediately seal the canal from the outlet side.

In the third group, the teeth were filled with the thermoplastic method using the
Thermafil-type system, which began with selecting the appropriate size of this system
from a material based on gutta-percha with the use of a verifier. The canals were checked
with a 40 ISO verifier because the last instrument introduced during root canal preparation
was 40 ISO. After selecting the appropriate Thermafil-type obturator, the working length
was marked with a stopper, disinfected in 2.25% sodium hypochlorite solution, dried,
and placed in a ThermaPrep Plus oven to plasticize it. A thin layer of AH Plus sealant
(DentSply/Maillefer) was applied to the walls with a paper filter for each canal. After the
gutta-percha was plasticized in the oven, the Thermafil-type obturator was slowly with-
drawn from the oven elevator and placed in the channel to the working length previously
determined, maintaining a constant pressure on the polymer support for a few seconds.
When placing the obturator, care was taken that it was accurately inserted centrally into
the canal to prevent and distort the material in the gutta-percha matrix at the top of the
obturator. The polymeric material carrier on the gutta-percha matrix was then cut off with
a Therma-Cut drill without water cooling at 300,000 rpm. The gutta-percha matrix material
was condensed around the carrier with a plugger.

In the case of the next two groups, containing 32 teeth in total, they were filled with a
thermoplastic method using System B and Obtura III devices (SybronEndo).

In the fourth group, the teeth were filled with studs and pellets made of material
based on gutta-percha. The root canals were thoroughly dried with paper points. Then
the main stud was selected from material on a gutta-percha matrix with a convergence
of 4%. The selection criterion was the wedging of the stud in the periapical area after its
introduction to its full working length. The Buchanan plugger (SybronEndo, size 1) was
subsequently fitted to the canal’s diameter, and its length was marked with a stopper, equal
to the working length shortened by 4 mm. AH Plus sealant (DentSply/Maillefer) was
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applied with a paper filter to cover the root canal walls. During the introduction of the
heated System B plugger through the gutta-percha-based stud placed in the root canal to
the length marked with a stopper, the temperature was set at 200 ◦C. After 3 s, the heating
was turned off while maintaining the pressure of the tool towards the root apex for 10 s.
The plugger was then reheated to 300 ◦C and immediately removed along with any excess
noncondensed material on the gutta-percha matrix. The apical portion of the material on
the gutta-percha matrix was condensed for the next 10 s with pulsating movements using
a cold, previously selected Buchanan-type plugger (SybronEndo). The canal, filled in this
way at the apex, was supplemented with gutta-percha matrix material and fed into the
canal using the Obtura III system (SybronEndo). The temperature was set at 160 ◦C. The
canal was supplemented in stages by introducing small portions of liquid material on a
gutta-percha matrix, each time condensing with a Buchanan-type plugger (SybronEndo).
The sequence of root canal preparation and obturation using this methodology has already
been presented in Figure 4.

In the fifth group, the teeth were filled with studs and pellets made of Resilon based
on polyester polymeric materials (RealSeal, SybronEndo) using System B and Obtura III
devices (SybronEndo). The canals were thoroughly rinsed with 0.9% saline solution to
neutralize any residues. Subsequently, the main pin of the RealSeal-type (SybronEndo)
with a taper of 4% was selected so that when introduced to the full working length, there
was a wedging of the cone in the periapical area. Primer material was attached to the
RealSeal kit (SybronEndo). A thin layer of RealSeal sealant (SybronEndo) was placed on
the canal walls with a paper filter, and a previously selected stud was inserted into the
canal (Figure 4).

Microscopic methods were used, adapted from materials science, to assess the tight-
ness of the root canal fillings according to the methods described above, including a
stereoscopic light microscope, a confocal laser microscope, an atomic force microscope, and
a scanning electron microscope. The preparations for the tests were prepared using various
available techniques; i.e., as decalcified teeth, transverse and longitudinal materialographic
specimens, and longitudinal fractures. To prepare the specimens for materialographic
tests, after the canals were tightly filled with each technique, the root canal orifices of the
selected teeth were secured with Ketac Molar glass ionomer cement (3 M ESPE). For the
next seven days, the teeth were stored in a humid environment at room temperature to
bind the sealant. Each tooth was wrapped in gauze soaked in physiological saline and
tightly closed in plastic containers. The prepared samples were incised longitudinally along
the root to a depth of 1 mm using a diamond disc placed on a prosthetic handpiece. The
research material was placed in liquid nitrogen, and then a breakthrough was made. Fifteen
samples with a correctly made longitudinal fracture were selected for each of the research
groups. The samples prepared in this way were subjected to preliminary examinations in
the papillary, medial, and apical sections of the root canal on a Stereo Discovery V12 stereo
microscope with a Zeiss AxioCam HRC digital camera. The test results were documented
using digital photography at 50× magnification (Figure 13).
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Five teeth filled with material based on gutta-percha with AH Plus sealant using the
thermoplastic method using System B and Obtura III devices were immersed for 14 days
in an aqueous solution consisting of 7% formic acid, 3% hydrochloric acid, and 8% sodium
citrate. The samples were then rinsed thoroughly under running water to eliminate acid,
and then immersed in 99% acetic acid for 12 h, and the samples were rinsed thoroughly
with distilled water. Then, the samples were dehydrated in ethanol solutions of successively
increasing concentrations of 25, 50, 70, 90, 95, and 100%, each for 30 min. Then the samples
were stored in methyl salicylate and observed in the Stereo Discovery V12 stereoscopic
light microscope with the AxioCam HRC digital camera by Zeiss at 8–50× magnification,
to three-dimensional observation of the root canal lumen filled with a substitute material,
with careful consideration of the root delta and its complicated internal system and side
branches of the main canal (Figure 14).
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Figure 14. Results of observations in a light microscope of teeth after filling the root canal with thermoplastic gutta-percha
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Each sample was sputtered with a thin layer of gold as a conductive material in
an Oerlikon Balzers BAL–TEC SCD050 sputtering machine, after making longitudinal
breakthroughs by cracking in liquid nitrogen. The goal of sputtering was to remove the
electric charge from the surface of the sample during the scanning electron microscope test
and improve the secondary electron emission factor. The longitudinal fractures sputtered
with gold were subjected to quantitative analysis of the leaks between the filling material
and the root canal wall using the SUPRA 35 high-resolution scanning microscope by
Zeiss in the magnification range of 2000–5000×, and the results were digitally archived.
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Observations were made to document the lack of discontinuities between the dentin and
the layers of sealant and filling (Figure 15) and instances where such leaks appeared as
local or continuous (Figure 16).
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Five consecutive samples—one of each group of preparations subjected to the 
study—were obtained by making cross-sections of these samples by cutting them on the 
GATAN ISOTOM device and then subjecting them to observations in the Exciter confocal 
laser scanning microscope by Zeiss with a 405 nm laser and electronic recording of test 
results, in which the samples were also observed, prepared as for observation in a scan-
ning electron microscope, but not sputtered with a layer of gold (Figure 17). 
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a gutta-percha matrix covered with sealant, showing sealant and root dentine after filling with gutta-percha studs using
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Figure 16. Scanning electron microscope view of the tooth fracture after filling the root canal by cold lateral condensation:
(a) tight connection of the filling material based on Resilon-type polymer materials with the dentine of the root canal,
showing fine particles of sealant (2000×); (b) border of the connection of the three layers of root canal dentin, sealant, and
filling material based on gutta-percha; leakage in two places at the border of the joint between the sealant and the filling
material (2000×); (c) leakage on the border of the sealant and the dentine of the root canal, with the method of filling and
obturation as (b) (2000×).

Five consecutive samples—one of each group of preparations subjected to the study—
were obtained by making cross-sections of these samples by cutting them on the GATAN
ISOTOM device and then subjecting them to observations in the Exciter confocal laser
scanning microscope by Zeiss with a 405 nm laser and electronic recording of test results, in
which the samples were also observed, prepared as for observation in a scanning electron
microscope, but not sputtered with a layer of gold (Figure 17).
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Figure 17. View in a confocal laser microscope of a tooth fracture after filling the root canal: (a) an exposed cylindrical stud
with slight differences in geometrical features after filling with gutta-percha using the thermoplastic method (20×); (b)
leakage of the connection between the filling using the thermoplastic method with a filling material based on polymeric
Resilon-type materials with dentin of the root canal (2000×); (c) clear longitudinal leakage of the connection between the
filling and the root dentine, with the method of filling and obturation as in (b) (2000×).

Observations were also made using the AFM XE-100 atomic force microscope (AFM)
by Park Systems with a scanning probe, using the forces of interatomic interactions and
enabling the image of the surface to be obtained with a resolving power corresponding to
the size of the atom (Figure 18).
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Figure 18. Microscopic surface map showing the image of the specimen surface in an atomic force microscope (a) with
visible tubules and a visible connection in the dentin tubule with the filling (gutta-percha as a filling material using the
thermoplastic method or sealant) (4000×); (b) with an indication of height differences and a histogram distribution of
the height of the eminence and depressions of the surface after filling the root canal using the cold side condensation
method with filling material based on polymeric polyester Resilon-type materials (4000×); (c) with visible elevations and
depressions related to leaks, with the filling material and obturation method as in (a) (8000×).

10. Summary and Final Comments

This paper aimed to develop and present the methodological assumptions of the
virtual comparative analysis of biomaterials used in endodontic treatment, including the
production and selection of filling and sealing materials; the selection of dental devices and
tools, including specialized tools; the selection and application of the technology for the
development and obturation of the root canal; and assessment effectiveness and tightness
of root canal fillings as a result of endodontic treatment. Achievements and experiences
from various areas of knowledge were used synergistically to achieve this goal. The moti-
vation of the multifaceted approach and wide-ranging activities undertaken in this work,
and the synergy achieved in this way in its implementation, is referred to as the motto, the
thought of W.E. Deming, the creator of the idea of continuous improvement, implemented,
among others, in the Japanese automotive company the Toyota Motor Corporation [331].
This, through Kaizen [332] and Total Quality Management (TQM) [333], became the basis
of its global market success and, like the German concern Volkswagen AG, sells almost
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11 million passenger cars annually. The authors sought the best solution to their research
and methodological problems, adopting an open and synergistic methodological approach
appropriate to various and seemingly very distant scientific disciplines. The basics of
quality management were used with the basic proprietary approach, contained in the
slogan “Whatever you plan to do, make what is needed to do, do it right and get it done
the first time”. This paper dealt with clinical dentistry, especially endodontics as its branch.
The knowledge and methodological experience of materials engineering, including met-
allography and scanning electron microscopy, was also widely used, which justifies the
publication of this paper in the Special Issue on Synthesis and Characterization of Biomedi-
cal Materials. Engineering and knowledge management, including the methodology of
technological foresight, as well as procedural benchmarking and comparative analysis
with the use of contextual matrices, appropriately adapted methodology and research
results, previously developed and published own works, concerning the analysis of many
problems concerning mainly material engineering, also provided a broad view on the issues
under consideration. We have referred to our own published works [1,64,69,132,287–314]
and other authors [315–328].

The paper concerned one of the most common and effective methods of treating oral
cavity diseases as a branch of advanced interventionist dentistry within the concept of sus-
tainable development of dentistry [1]. Endodontic treatment ensures the maintenance of the
tooth in a functional state when its vital functioning is no longer possible, undertaken when
symptoms of the second stage according to ICDAS of dental pulp disease appear [99–101].
The global endodontics market reached USD 1.56 billion in 2018 and is projected to grow to
USD 2.1 billion by 2026, with a CAGR of 4.1% [127]. The global dental consumables market,
which also applies to endodontics to some extent, in 2016 reached USD 38.921 million,
while it is forecasted to reach USD 55.584 million in 2023, with a CAGR of 5.2% [128]
(Figure 3). The treatment is based on caries, as the most common infectious disease in the
world, affecting 3–5 billion people [1], causing many systemic diseases [14–28], as well as
personality changes leading to dementia [29–35], and if necessary the necessity to extract
teeth, causing toothlessness, which may also cause many systemic complications [8–13].
However, it should be emphasized that dentists treat tooth extraction as a necessity in the
event of failure to continue endodontic treatment [103,104], performed carefully to avoid
complications due to iatrogenic causes [53–58]. The endodontic treatment results in sealing
the previously infected and then developed root canals, preventing the spread of bacteria
and their toxins to the root tip [110–112], including saliva [113].

Apart from the obturation techniques presented in the form of an umbrella (Figure 2),
the effectiveness of endodontic treatment depends on the proper selection of the fill-
ing material, presented in the form of ikebana [119–125]. Apart from a good fit to the
geometrical features of the prepared root canal, the filling material should be biocom-
patible, bactericidal, sterile, and easily removable if it is necessary to repeat endodontic
treatment [114,115], and should strengthen of the root [118] and not cause tooth discoloura-
tion [115–117]. For many years, the most commonly used natural material for filling
root canals was gutta-percha [130–135], even considered a “gold standard”, and 20 years
ago, the Thermo-Hydraulic-Condensation obturation technique [140–145] significantly
improved the effectiveness of root canal fillings (Figure 4). Despite this and selecting non-
standard sealing materials [118,160–163], there were suggestions of improper bonding of
gutta-percha to dentin [146–155]. An alternative is a synthetic thermoplastic filler material
based on polyester materials, introduced in 2004 from the company Resilon [168] with
eponymous sealant [167,174,175] and amenable to all obturation techniques developed
for gutta-percha [168]. The competitive advantage of this material was supposed to be a
monoblock with dentin [179–181], which unfortunately did not turn out to be true [182].
There has been dispute as to whether this material is more useful, as it has been recognized
in some studies [168,178,184,194,211,215,216,230,232–245], or whether gutta-percha pro-
vides the best filling and tightness in the root canal [160,194–207], especially after a longer
time [208,209]. Many other evaluations and research results showed, and many dentists
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still believe, that Resilon cannot compete with gutta-percha. The significant dispersion of
the results of the cited studies and methodological flaws of many of them did not allow
for an unambiguous formulation of conclusions, and due to the lack of sufficient clinical
evidence, it is impossible to firmly confirm the possible advantage of this material over
gutta-percha or even the hypothesis that both materials are equivalent.

The controversies presented above regarding the choice of the more favourable filling
material and the better obturation method refer to the methodological aspects of charac-
terizing these descriptors of the adopted methodology of clinical activities, as pointed
out in, among others, the works [156,157]. This paper focused on the methodological
aspects of the research, as the detailed results of this research were presented in a series
of other publications [286]. The detailed multipoint research methodology included the
theoretical analysis carried out here using procedural benchmarking and comparative
analysis using contextual matrices, in addition to reviewing the literature and preliminary
analyses, the assumptions of the so-called “digital twins” as an approach characteristic of
Industry 4.0 [64,65,67–98], and the resulting idea of Dentistry 4.0 [62,63,66]. The concept
of the “digital twin” allows many experiments to be carried out in virtual space before
the analysed product or object is physically created or made available for research, even
without its physical existence. For the quantitative assessment of the analysed aspects
of endodontic treatment, appropriate criteria were defined in each case, assigning them
to sum up weights reflecting their significance and subsequent evaluation in each of the
criteria using the universal scale of relative states (Figure 6). The positioning of the method
or procedure among those covered by the analysis and their usefulness in endodonto-
logical treatment was achieved by a set of contextual matrices, containing in particular
ones analogous to dendrological matrices, adopted in the foresight analysis of surface
engineering technology (Figure 7), which are tools for a graphical comparative analysis
of individual methods and materials or groups of them. Depending on the value of the
generalized potential and the generalized level of attractiveness, which were determined
as part of the expert assessment, each of the analysed objects was placed in one of the
matrix quarters, which were distinguished in the dendrological value matrix, based on
which it was possible to reach conclusions about its methodological success in the field of
endodontics. The broad oak quarter covered the most promising aspects for future success.
The soaring cypress quarter covered the objects with possible success. The rooted mountain
pine quarter covered those with high probability. In contrast, the quivering aspen quarter
contained the weakest objects, for which success is unlikely or impossible.

The literature analysis was based on the substantive subject of the considered criteria,
interviews with dentists, and our own experience gained during dental practice. As a
result of considerations, this paper presents four types of the authors’ contextual matrices
related to endodontics:

1. Materials selection in the coordinate system generalized index of material quality for
root canal filling (x) and generalized index of material strength in the root canal (y);

2. Root canal development technique selection in the coordinate system of a general-
ized organizational index of techniques for the development of root canals (x) and
generalized index of the quality of filling with selected techniques (y);

3. Techniques of obturation selection in the coordinate system generalized index of
material strength applied in root canal obturation techniques (x) and generalized
index of the effectiveness of root canal obturation techniques (y);

4. Assessing the tightness of root canal fillings selection in the coordinate system of the
generalized index of organizational conditions (x) and generalized index of investiga-
tions effectiveness (y).

All the analyses performed were included in this paper, along with an exemplary
description of the obtained test results. The detailed test results will be included in
subsequent papers from the announced series [286]. Based on the analyses performed and
the analysis of the plotted dendrological matrices, a decision was made regarding detailed
research on the four aspects mentioned above. At the same time, the full usefulness of
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materialographic tests with the use of a scanning electron microscope was confirmed. For
this purpose, 80 single-canal incisors in the maxilla, maxillary, and mandibular canines, and
maxillary and mandibular single-canal premolars, removed for orthodontic, prosthetic, and
periodontal indications, were included in the in vitro tests. The research was performed
after obtaining the consent of the Bioethics Committee. Among these teeth, five groups
were distinguished, each containing 16 teeth, tested in identical conditions of root canal
preparation, using the same filling materials and using the same obturation technique.
The results of good tests using various methods were also presented as an example in this
work.

The analysis results confirmed the full practical usefulness of the so-called “digital
twins” in a virtual comparative analysis of biomaterials used in endodontic treatment.
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62. Dobrzański, L.A.; Dobrzański, L.B. Approach to the Design and Manufacturing of Prosthetic Dental Restorations According to
the Rules of Industry 4.0. Mater. Perform. Charact. 2020, 9, 394–476. [CrossRef]
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274. Taşdemir, T.; Yildirim, T.; Celik, D. Comparative study of removal of current endodontic fillings. J. Endod. 2008, 34, 326–329.
[CrossRef]

275. Iizuka, N.; Takenaka, S.; Shigetani, Y.; Okiji, T. Removal of resin-based root canal filling materials with K3 rotary instruments:
Relative efficacy for different combinations of filling materials. Dent. Mater. J. 2008, 27, 75–80. [CrossRef]

276. Hassanloo, A.; Watson, P.; Finer, Y.; Friedman, S. Retreatment efficacy of the Epiphany soft resin obturation system. Int. Endod. J.
2007, 40, 633–643. [CrossRef]

277. Tanomaru-Filho, M.; Orlando, T.A.; Bortoluzzi, E.A.; Silva, G.F.; Tanomaru, J.M. Solvent capacity of different substances on
gutta-percha and Resilon. Braz. Dent. J. 2010, 21, 46–49. [CrossRef]

278. Faria-Júnior, N.B.; Loiola, L.E.; Guerreiro-Tanomaru, J.M.; Berbert, F.L.; Tanomaru-Filho, M. Effectiveness of three solvents and
two associations of solvents on gutta-percha and Resilon. Braz. Dent. J. 2011, 22, 41–44. [CrossRef] [PubMed]

279. Bodrumlu, E.; Uzun, O.; Topuz, O.; Semiz, M. Efficacy of three techniques in removing root canal filling material. J. Can. Dent.
Assoc. 2008, 74, 721. [PubMed]

280. Ezzie, E.; Fleury, A.; Solomon, E.; Spears, R.; He, J. Efficacy of retreatment techniques for a resin based root canal obturation
material. J. Endod. 2006, 32, 341–344. [CrossRef]

281. Ring, J.; Murray, P.E.; Namerow, K.N.; Moldauer, B.I.; Garcia-Godoy, F. Removing root canal obturation materials: A comparison
of rotary file systems and re-treatment agents. J. Am. Dent. Assoc. 2009, 140, 680–688. [CrossRef] [PubMed]

282. De Oliveira, D.P.; Barbizam, J.V.; Trope, M.; Teixeira, F.B. Comparison between gutta-percha and Resilon removal using two
different techniques in endodontic retreatment. J. Endod. 2006, 32, 362–364. [CrossRef]

283. Azar, M.; Khojastehpour, L.; Iranpour, N. A comparison of the effectiveness of chloroform in dissolving Resilon and gutta-percha.
J. Dent. (Tehran) 2011, 8, 19–24.

284. Shanahan, D.J.; Duncan, H.F. Root canal filling using Resilon: A review. Br. Dent. J. 2011, 211, 81–88. [CrossRef]
285. Steinke, H. Der Hippokratische Eid: Ein schwieriges Erbe. Horiz. Med. Schweiz. Ärztezeitung Bull. Médecins Suisses Boll. Med.

Svizz. 2016, 97, 1699–1701.
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301. Dobrzański, L.A.; Dobrzańska-Danikiewicz, A.D. (Eds.) 3rd Workshop on Foresight of Surface Properties Formation Leading Technologies
of Engineering Materials and Biomaterials; Raport z realizacji zadania 2. “Analiza Istniejącej Sytuacji w Zakresie Rozwoju Technologii
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Składem Chemicznym Surówki z Wykorzystaniem Sieci Neuronowych. Ph.D. Thesis, Politechnika Śląska, Gliwice, Poland, 2018.
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loczłonowe Częściowe Stałe Protezy Stomatologiczne. Ph.D. Thesis, Politechnika Śląska, Gliwice, Poland, 2013.
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