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ABSTRACT 

Endodontics is a branch of clinical dentistry that deals with diagnosing and 

treating inflammation and infection pulp and their repercussions. The 

primary objective of endodontic therapy includes saving and curing the 

tooth with infected and inflamed pulp. Endodontics treatment has been 

described as a clinical dental specialty that combines art and science. It is 

so because even though endodontics is based on scientific facts, providing 

a perfect root canal treatment (RCT) is still an art. Various approaches have 

been used to predict the failure or fracture of endodontic files during root 

canal treatment. These approaches include fractographic analysis, optical 

micrographs, scanning electron microscopic images, etc. Most of the 

previous studies utilized the simulated root canal with the help of 

endodontic blocks, which deviates highly from real-world practice. Every 

human has a different tooth structure and a different root canal anatomy. 

This effect cannot be noticed in simulated root canal preparation. Therefore, 

this study attempts to define the approaches for failure prediction of 

endodontic files using human-extracted teeth obtained with due procedures 

by following clinical ethics. A newly conceptualized and established root 

canal treatment setup capable of performing the root canal in-vitro 

experimental research work is developed for laboratory-based experiments. 

The endodontic files are used to prepare the root canal structure, which is 

one of the essential stages in canal preparation. The purpose of RCT is to 

remove all the debris and smear layers from the face of the inner layer of 

the root canal using an endodontic file. Thus, the designated root canal 

preparation method allows the endodontic instrument to reach the center 

portion of the pulp to remove infected and decayed tissue. The endodontic 

file sometimes fractures during the root canal treatment, usually without any 

visual degradation. The consequences of these fractured instrument 

fragments influence the success rate of root canal treatment. Therefore, 

early detection of such degradation is required during the initial phase of 

development of such failure. 
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Further, the present thesis describes a finite element approach to analyze the 

mechanical behaviour of endodontic instruments when penetrated inside the 

root canal. Explicit dynamic simulations have been carried out for three 

different endodontic files: TwoShape (TS1 and TS2) and WaveOne Gold 

(WOG). It was observed that the TS2 and WOG endodontic files are better 

suited for RCT than the TS1 endodontic file. The force and vibration 

analysis has been studied during RCT utilizing reciprocating and rotary 

motion endodontic instruments. Furthermore, a curve-fitting model has 

been established to analyze the correlation between force and vibration. A 

higher magnitude of vibration and force is generated during canal 

preparation due to overloading in the uneven anatomy of the root canal.  

A comprehensive assessment and decision support system for an 

endodontist may avoid several failures. This research proposes a machine 

learning-based approach that can help to diagnose the endodontic 

instrument. The synthetic minority oversampling technique (SMOTE) is 

employed to balance the minority class. The ensemble bagged tree (EBT), 

and fine k-nearest neighbor (FKNN) performed well, with accuracies of 

98.95% and 97.56% for balanced and imbalanced data. An intelligent health 

prediction and fault prognosis of the endodontic file during RCT has been 

proposed using the recorded force signals. Linear support vector machine 

(LSVM), quadratic support vector machine (QSVM) algorithms, and 

exponential degradation model (EDM) are used to predict the degradation 

of the endodontic file so that actions can be taken before actual failures 

happen. The EDM model accomplished the reliability and degradation 

characteristics of the endodontic instrument with sensory signals. 

Additionally, ensemble machine learning algorithms are utilized to evaluate 

the dimensions of the apical extent following preflaring with primary 

treatment and retreatment on human extracted teeth during endodontic 

treatment. In this manner, the thesis provides experimental and data-driven 

approaches for the health monitoring of endodontic instruments during 

RCT. 
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𝑘  Denotes the polar symmetry of the cross-section of the 

instrument (𝑘 = 3 for endodontic instrument with 
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Chapter 1 

Introduction 

 

A brief history of endodontics, root canal treatment (RCT), and its 

advancement throughout are presented in this chapter. The significance 

of root canal treatment, the essential measure for the biomechanical 

preparation of root canal, and the necessity of endodontic treatments 

are also discussed. Moreover, the crucial steps of the biomechanical 

preparation of the root canal and endodontic treatments are included in 

this chapter. Finally, the thesis's organizational structure is provided in 

the chapter. 

 

1.1 Introduction: RCT and Endodontics 

Root canal treatment and Pathodontia was the term used to describe 

endodontics in the 20th century [1]. The terminology "endodontics" was 

first used by a dentist and a famous professor from Georgia, Dr. Harry 

B. Johnston, in the early 20th century [2]. The meaning of endodontic is 

taken from the greek, which means endo for "inside" and odont for 

"tooth." After that, the term called endodontics deals with the inside of 

the tooth [2,3]. The clinical dentistry discipline of endodontics is related 

to pathosis treatment, diagnosis, and prevention of pulp from teeth and 

its effects. The primary objective of endodontic therapy includes saving 

and curing the tooth with infected and inflamed pulp. Endodontic 

therapy saves and cures teeth that have not healed before therapy [2,4]. 

Endodontics treatment has been described as a clinical dental specialty 

that combines art and science. It is so because even though endodontics 

is based on scientific facts, providing a perfect root canal therapy is still 

an art. 
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1.2 Origin of Endodontics 

The field of endodontics has a long history. It started in the 17th century, 

and since then, there have been numerous advancements, improvements, 

and ongoing innovations [5]. This field has consistently progressed, 

especially following Pierre Fauchard (father of modern dentistry), who 

described the pulp in detail [4,5]. Another endodontics pioneer Dr. 

Grossman classified the field of history into periods, each covering 50 

years, from 1776 onwards [6]. The periods were prior science, early 

modern periods, early middle age, middle age to modernity, and 

transformation/revolution age [6]. The progress of the endodontic 

treatment is presented in Fig. 1.1. 

In prior science (1776-1826), endodontic therapy focused on 

fundamental techniques, such as infections being cured using traditional 

remedies or leeches and pulps getting cauterized using warm tools [5,6].  

In the early modern period (1826-1876), Anaesthesia, obturation 

needles, piercing broaches, etc., were developed. Medicines were 

developed to cure the infected soft tissue, and obturation materials were 

identified that heal cavities [5,6]. 

In the early middle ages (1876-1926), localized inflammation was the 

biggest problem. Thus, teeth removal was preferred over RCT despite 

the development of x-rays with common anaesthesia [5,6]. 

The treatments reached their heights in the middle age to modernity era 

(1926-1976), when they became recognized as a technology and a 

therapeutic. It demonstrated the development of anaesthesia and 

radiography for improved therapeutic outcomes [5,6]. Additionally, the 

concept of localized inflammation started steadily declining, leading to 

an increase in the practice of endodontic treatment. 
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Figure 1.1 History of endodontic treatment 
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Due to escalating attention in endodontics, the American Association of 

Endodontists (AAE) was established in 1943. The AAE aims to raise 

awareness and adherence to the most rigorous code of professional 

conduct for endodontics. The AAE encourages the best healthcare 

system levels and develops the science and art of endodontics. 

From the revolution age, 1977 to date, the endodontics field has 

undergone significant improvements at a remarkably rapid speed 

starting since 1977 [5,6]. Improvements have been made to obturation, 

BMP methods, and perception so that the treatment becomes quicker, 

smoother, and more accurate. 

1.3 Root canal treatment and alternative method 

Root canal treatment is also known as endodontic treatment. It is a 

specialized area of dentistry [5] focused on treating disease and infection 

in the dental pulp area [7]. Endodontists are dental specialists with 

advanced training in root canal treatment. They hold expertise in saving 

natural teeth using the state of the art technology like a microscope, 

micro-CT scan, and other digital imaging to treat patients quickly and 

comfortably [8]. In modern RCT, a root canal is remarkably efficient 

and not too painful. The patient can smile right after treatment and bite 

and chew without difficulty [8]. A solid substance known as dentin 

within the tooth lies beneath the enamel, and spongy tissue known as 

pulp exists within the dentin. Pulp comprises tubes of nerves and blood 

vessels. It extends from the crown to the root of the tooth. If the pulp 

becomes inflamed or infected, the endodontic treatment help to remove 

it and relieve the patient from pain and discomfort [7,9].  

Root canal treatment is usually advised when a tooth's pulp becomes 

infected or damaged in order to remove the damaged pulp and save the 

tooth. However, alternative treatments can be required in some 

circumstances. Before extracting a tooth, several alternative treatment 

preferences to root canal treatment (RCT) exist. The alternative 

treatment consists of medication, pulp capping, pulpectomy, partial 

pulpectomy, apexogenesis, apexification, regenerative endodontic, 
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extraction and replacement of teeth, etc.[10–15]. Each of the following 

treatments is discussed below. 

Medication: Medications like antibiotics, painkillers, and anti-

inflammatory drugs can sometimes be used to control the pain and 

infections associated with a loose tooth. 

Pulp capping: This is a technique where a medicinal filling is placed 

over an exposed or nearly exposed pulp. It aims to encourage pulp tissue 

regeneration and healing. 

Pulpectomy: In the partial root canal procedure, the pulp chamber and 

root canals deteriorated or contaminated pulp tissue are eliminated. 

After that, the canals are filled with temporary filling material, and the 

tooth is repaired with a permanent filling or crown. 

Partial pulpotomy: This includes eliminating the infectious or 

inflammatory pulp while keeping the healthy pulp in place and giving a 

healing-promoting medication. 

Apexogenesis: This treatment is utilized in cases where the pulp is 

exposed owing to trauma or disease, and the tooth is not yet fully 

matured. The tooth can form further because the dentist removes the 

unhealthy pulp and replaces it with a substance that encourages the 

development of healthier pulp. 

Apexification: The apexification technique is used when the tooth is 

fully grown, but somehow the pulp is infected or injured. To stop 

subsequent infection, the dentists eliminate the damaged pulp and put a 

substance to promote the formation of a strong tissue barrier at the apex 

of the tooth. 

Regenerative endodontics: This recent technique involves regenerating 

the injured pulp tissue and encouraging recovery using stem cells and 

growth recovery. 

Extraction and replacement: If the tooth is significantly injured, cannot 

be saved by a root of the tooth, or the patient has other underlying 
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medical conditions that make a root canal dangerous, then extraction 

may be required. Then a dental implant, bridge, or denture can replace 

it in its place. 

The patient's general health, the severity of tooth deterioration, and 

individual preferences would be considered when deciding which 

treatment to apply. An endodontist or dentist would examine the issue 

and then discuss each approach's positive and negative aspects with the 

patient. The cost of the treatment, how long it will take, the 

complications involved with each procedure, and any potential long-

term impacts on the patient's oral health are all things to think about. To 

make an informed decision and select the best treatment course, patients 

consult carefully with their dentist or endodontist. 

1.4 Biomechanical preparation (BMP) 

Biomechanical preparation involves the controlled removal of root canal 

substances and dentin by carefully using the instruments and associated 

materials. The followings are the primary objective of the BMP 

procedure [5]:  

• The prepared canal should stream with the contour of the 

existing canal 

• The canal's dimension needs to be smaller at each apical point 

• Tapers that gradually narrow out as they approach the access 

cavity 

• Maintaining the initial position for the apical cavity 

• Keep the apex space as minimal as possible 

 

1.4.1 Access opening  

An opening is made through the crown of the tooth and into the pulp 

chamber with the help of an airotor. The high-speed airotor help to make 

an initial ditch in the crown. Following ditching, the root canal path can 

be identified. A fluid is poured into the canal through the three-way 

syringe to flush bacteria and disinfect the canals. The ideal access cavity 
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produces a funnel-shaped straight entry into the canal orifices having 

line inclinations that descends gently into the canals. The removal of 

apical contacts reduces the accessibility of instruments to undesired 

unidirectional forces that may result in errors [16]. Access opening helps 

to debride the pulp area and increase the visibility to the apical portion, 

as shown in Fig. 1.2. 

 

 

 

 

 

Figure 1.2 Schematic diagram of the access opening process 

1.4.2 Cleaning and Shaping 

It involves developing a logical cavity specific to each root's anatomy. 

Afterward, the pulp is removed using small instruments known as 

endodontic files, as shown in Fig. 1.3, to shape and clean the root canal. 

A tapering funnel should be formed during biomechanical preparation 

of the root canal, as shown in Fig. 1.4. It helps to establish the conception 

of "flow" by making preparations on several different levels [5]. Even 

as the canal is gradually and minutely enlarged while the location of the 

access cavity is preserved. The opening shape is kept as minimal as 

feasible to prevent the iatrogenic issues caused by the overlap cavity.  

 

 

 

 

 

Figure 1.3 Schematic diagram of the shaping process 
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Figure 1.4 Schematic diagram of the cleaning process 

1.4.3 Obturation  

After the canal preparation, the practitioner fills with gutta-percha and 

seals the root canals. In most cases, the filling is temporary to close the 

opening until the practitioner seals the opening [5]. Obturation serves 

two primary goals: removing every potential point of dental cavity/nerve 

leaking and sealing the root canal. A correct therapy and evaluation 

approach is the foundation of successful RCT treatment. The shaping 

and cleaning procedure determines the level of cleanliness and potential 

to obturate the anterior area. Hence, it is a representation of shaping and 

cleansing. The obturating material needs to encapsulate RCT prepared 

region to restrict tissue fluids flowing into the cavity section [17]. 

Sealing the prepared space requires a diverse range of materials chosen 

for their inherent qualities and operating capabilities [18]. 

 

 

 

 

 

 Figure 1.5 Schematic diagram of the obturation process 
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1.5 Necessity of endodontic treatment 

Bacteria can enter the pulp if a tooth is fractured or has extensive 

cavities. When the pulp becomes inflamed or infected, it causes 

significant discomfort, and possibly an infection may form in the tooth. 

Therefore, endodontic treatment or root canal treatment is essential to 

eliminate the bacterial infection from the infected root canal for 

preventing the natural tooth. 

Sometimes people may be afraid of getting a root canal because it hurts. 

However, local anaesthetics and dentistry techniques can mitigate pain 

in the treatment more widely. In fact, having a tooth in the mouth 

without a filling is more uncomfortable than getting RCT therapy. 

1.6 Endodontic file system  

An endodontic file is a surgical instrument that the dental practitioner 

uses for root canal treatment and therapy [19]. Endodontic files are 

among a large variety of instruments. Endodontic instruments are used 

to prepare and shape the root canals. These are considered for shaping 

and cleaning (hand-driven files and motor driven files) or mechanical 

preparation (reciprocating and rotary files) [20]. Endodontic instruments 

are manufactured from nickel-titanium alloys or stainless steel. These 

are effectively precisely twisted wires formed of one of the 

biocompatible metals or alloys [21]. Additionally, there is a variation in 

the cross-sectional geometry of files, which allows for a simple 

separation between them. 

1.6.1 Hand-driven file system 

Three types of hand files are called H-files, K-reamers, and K-files. The 

architecture of the cross-sectional shape and the number of threads is the 

crucial variation between these files. Their cross-section is shaped like 

a teardrop and manufactured from wire. These files are exclusively 

designed for reciprocation motion within the canal to obtain smooth 

canal surfaces. The colour of each hand file corresponds to the suitable 

dimensions of the instrument's tip because all hand files are colour 
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coded, as shown in Fig. 1.6. This information is necessary to determine 

the root canal's apex size before instrumentation. 

  

 

 

 

 

 

Figure 1.6 Illustrative figure of hand-driven file system  

1.6.2 Motor-driven file system 

The motor-driven NiTi (Nickel Titanium or Nitinol) endodontic 

instruments provide significant benefits primarily due to their excellent 

flexibility. Compared to traditional stainless steel, NiTi alloy has various 

benefits. Their enhanced flexural strength is advantageous for more 

efficient and secure treatment in curved and narrow canals. These files 

are entirely designed for insertion and retraction motion within the canal 

to obtain smooth canal surfaces, as shown in illustrative Fig. 1.7. Hence 

minimizing the possibility of an instrument's failure during RCT. At 

present, NiTi instruments are the primary choice for cleaning and 

shaping root canals. 

 

Figure 1.7 Illustrative figure of motor-driven file system  
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1.7 Multiple motor-driven file generations 

Since the early days of contemporary endodontics, there have been 

several ideas, plans, and methods for canal preparation. Various 

instruments have been developed over the years for managing and 

designing canals. Despite the instrument design, a remarkable variety of 

methods recommended, and the quantity of equipment needed, 

endodontic therapy is often treated with hope for its possible 

accomplishment. Edward Maynard created the first file in the middle of 

the nineteenth century with pointed circular wires made of watch springs 

and then pianos wires [22]. These instruments had the ability to clean 

dental pulp and detritus.  

The endodontic files were initially manufactured of carbon steel or 

stainless steel. The development of rotary files was recognized with 

nickel titanium files. This miracle metal demonstrated advantageous 

qualities, including super elasticity and shape memory effect [23]. Its 

characteristics enabled effective instrumentation of curved canals using 

rotational movement despite lowering the likelihood of catastrophes 

such as ledge generation or perforation [23]. The growth and 

development of the endodontic files is presented in Fig. 1.8. 
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Figure 1.8 Successive generations of motor-driven files 
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their significance. The importance of root canal treatment, essential 

measures for the BMP of root canals, and the necessity of endodontic 

treatments are also included in this chapter. Moreover, the crucial steps 

of the BMP of the root canal and endodontic therapies are discussed in 

this chapter. 

Chapter 2: Incorporates an overview of the earlier work done for 

treating root canals. The RCT instrument and mechanical 

characterization of the endodontic instrument are briefly explained. This 

chapter comprises the application of artificial intelligence and machine 

learning technique in endodontics, approaches to diagnostics, and 

prognostics in RCT. Additionally included the importance and the scope 

of the current research work. 

Chapter 3: Investigates the FEA model of endodontic instruments and 

teeth during the BMP of the root canal. The nonlinear explicit dynamic 

analysis in the CAE package (ANSYS) is used to analyze the 

mechanical behaviour of endodontic instruments. Furthermore, the 

impact of total deformation, equivalent stress, and equivalent elastic 

strain on endodontic files during cleaning and shaping are evaluated. 

Chapter 4: In-vitro study is carried out during biomechanical 

preparation of root canals. Actual human-extracted teeth are used in this 

work to analyze the real exposure of the endodontic therapy using the 

force and vibration signals. After that, A curve-fitting regression model 

investigates the interdependency between force and vibration signals. 

Chapter 5: This chapter includes a machine learning and artificial 

intelligence-based method for determining the health condition of an 

endodontic instrument. This work offers an inventive methodology 

using force signals to diagnose endodontic instrument faults during 

endodontic therapy or root canal treatment. Additionally, using machine 

learning techniques for evaluating the model performance, such as 

Gaussian Naïve Bayes (GNB), quadratic support vector machine 

(QSVM), fine k-nearest neighbor (FKNN), and ensemble bagged tree 

(EBT). 
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Chapter 6: Presents the intelligent methodology for health prediction 

of the endodontic file during the RCT. This chapter includes the 

exponential degradation and machine learning models for assessing the 

endodontic instrument's state of health. This model is intended to 

forecast the degradation of the endodontic instrument so that measures 

can be implemented before actual failures occur. 

Chapter 7: This chapter employs the ensemble machine learning 

approaches to predict the dimensions of the apical extent following 

preflaring with primary treatment and retreatment on human extracted 

teeth after endodontic treatment. The ensemble bagged, boosted, and 

RUSboosted tree classifiers are utilized in this investigation. 

Chapter 8: Highlights the significant conclusions of the study and its 

future direction. 
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Chapter 2 

Literature Review 

 

This chapter briefly explains the RCT instrument for biomechanical 

preparation and its mechanical characteristics. The importance of 

endodontic treatment and the problem associated with canal 

preparation are discussed. Furthermore, the traditional biomechanical 

preparation techniques are also presented. This chapter comprises the 

application of artificial intelligence and machine learning in 

endodontics and approaches to diagnostics and prognostics in RCT. 

Towards the end, challenges and strategies of machine learning are also 

included in this chapter. Finally, the thesis's objectives and the present 

research work's scope are provided. 

 

2.1 RCT instrument for biomechanical 

preparation 

The endodontic file is an essential instrument for root canal cleaning and 

shaping. The endodontic file needs to be sharp enough to penetrate 

tissue, but it should also be flexible enough to twist around a complex 

root canal and access the apex portions of the canal. Initially, stainless 

steel was used for most of the endodontic files. The stainless-steel file 

offers excellent mechanical strength and excellent cutting ability. It has 

been shown to be a particularly efficient tool for straight root canal 

preparation. Nevertheless, it doesn't consistently or effectively produce 

excellent outcomes when applied to curved canals [24,25]. There may 

be unforeseen abnormalities like apical transportation, ledge growth, or 

perforations [26–30]. The graphical representation and stepwise flow 

chart of this chapter is presented for more comprehensive and effective 
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ways of conveying the technical description of the study is shown in the 

Fig. 2.1. 

 

Figure 2.1 The graphical representation and stepwise flow chart of this 

chapter 

2.2 Mechanical characteristics of endodontic 

instruments 

Nickel-titanium (NiTi) or shape memory alloy (SMA) is used to make 

endodontic files. Endodontics has improved significantly since NiTi 
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instruments were introduced. The flexibility of NiTi instruments is 

considerably greater than that of stainless-steel ones [31,32]. This 

enhanced flexibility produces a considerable decrease in unfavourable 

variations in the morphology of root canals. An instrument's bending 

flexibility, torsional rigidity, and cutting effectiveness all characterize 

its mechanical performance [33]. The structural features of the 

instrument include bending flexibility and torsional stiffness, which 

have been the subject of numerous investigations. Additionally, because 

of this functionality, they can now be used as motor-driven files rather 

than hand-driven. Compared to the hand-driven file, the motor-driven 

has a higher cutting performance and considerably reduces the amount 

of time needed for canal preparation. 

At the Naval Ordnance Laboratory, Buehler [34] discovered the NiTi 

alloy. This NiTi material's name, "NiTiNOL," was established in 

recognition of its discovery at the Naval Ordnance Laboratory (NOL) 

[32]. The distinctive properties of shape memory effect (SME) and 

superelasticity/pseudoelasticity are produced by combining quantities of 

Ni and Ti at a ratio of around 55 𝑤𝑡. % of Ni and 45 𝑤𝑡. % of Ti. The 

NiTi alloys are in a martensitic state (twinned martensitic state) at low 

temperatures. However, it transforms into a different condition 

whenever a load is imposed. The transforms condition referred to the 

deformed martensitic condition (twinned martensitic state). Martensite 

is changed into austenite when heated at austenite temperature, and 

subsequently, the NiTi alloys material returns to its original condition, 

as shown in the deformation mechanism curve of SMA in Fig. 2.2. 

Actually, the NiTi alloy goes through a complicated crystalline-to-solid 

phase transition from martensite to austenite throughout this process 

[35,36]. 
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Figure 2.2 Deformation mechanism curve of NiTi shape memory alloy 

NiTi’s ability to be distorted far more than conventional metal alloys is 

referred to as superelasticity or pseudoelasticity. It regains normal shape 

after being unloaded without exhibiting any indications of long-term 

deformation. Fundamentally, this property is based on the properties of 

nitinol's stress-induced martensite development [35]. More particularly, 

at temperatures higher than martensite start temperature (𝑀𝑠), the stress 

subjected to an external force causes the nitinol material to convert into 

martensite as shown in Fig. 2.2. The martensite returns to the austenite 

phase when the stress is released, and the alloy recovers its original form 

[36]. 

2.3 Traditional biomechanical preparation 

techniques 

Few dentists might contest the necessity of cleaning root canal systems. 

However, there is wide variation in how clinicians describe the precise, 

feasible actions required to accomplish this purpose [7,37]. The 

instrumentation techniques have undergone numerous modifications, 

additions, and upgrades throughout time, and occasionally they have lost 

much of their original identity. The implementation of recent approaches 

is typically the result of the confluence of ideas from the past, including 
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existing methods and creative insights. The growth of taper formation 

and focus of the root canal can be preserved in varying degrees using 

each of the following canal preparation techniques. 

2.3.1 Standardized technique  

In the standardized technique, the geometry initially called for a round 

section with a small taper and a spherical portion with a slight taper [16]. 

The apical area of the structure showed a conicity variation of 14o to 75o 

typical of the endodontic instrument's tip. The endodontic instruments 

used in the root canal system are developed to a similar working length 

using the standard approach [16]. This strategy is also known as the 

"single-length technique." Subsequently, the introduction of NiTi 

instruments saw a surge in popularity. 

2.3.2 Step-back technique  

The working length gradually decreased as more extensive, more rigid 

instruments were utilized. This substantially reduces the frequency of 

errors committed during canal preparation, particularly with curved root 

canals [38]. The suggested preparation method has been updated to 

include cleaning and shaping the root canals [39]. It was in the form of 

an apical-coronal continual reduced tapered cone, with the chamber 

opening position having the greatest diameter and the coronal 

contraction position having the lowest diameter [40]. In order to widen 

the root canal without distorting it, a well-defined procedure follows the 

root canal's original shape. The procedure also demonstrates significant 

improvement in the elimination of debris in addition to preparation in 

almost parallel walls and provides greater space for their flush.  

2.3.3 Crown down technique  

Dr. Riitano was credited for developing the first mechanical system that 

allowed for a crown-down technique [41,42]. Appropriate root canal 

preparation consists of three steps: coronal, intermediate, and apical. 

Therefore, the crown-down technique is also known as the “three-time 

technique.” Riitano recommends encouraging the insertion of 
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instruments into the apical third as straight as feasible [42].  In doing so, 

we can prevent disruptions from affecting the instrument’s operating 

section. Pushing the tip against the dentinal walls increases the chance 

of iatrogenic mistakes (i.e., perforation, ledge, etc.). Fundamentally, the 

crown-down approach encourages a coronal apical advancement that 

removes the initial coronal disruptions that obstruct accessibility to the 

apex part. 

2.3.4 Balanced force technique 

In 1985, Roane & Sabala described using this technique [43,44]. 

Traditionally, this was connected to specifically designed endodontic 

instruments with modified tips that were arranged step down. A 

clockwise movement and apical progress are used to introduce 

instruments into the root canal, which are then rotated counter-clockwise 

with enough apical force [44]. The final removal stage is then carried 

out by rotating the file in a clockwise direction and removing it from the 

root canal [44]. Coronal preparations are advised for wider diameters 

than other manual approaches because the instrument doesn’t cut along 

the entire length. The key benefits of the balanced force approaches were 

reasonable apical control of the file tip, excellent centering, and no need 

for pre-curving. 

2.4 Problem statements and potential solution  

Removing contaminated or diseased pulp inside a tooth as part of a root 

canal treatment helps reduce pain and prevent further damage. However, 

there are several problems with endodontic treatments that individuals 

and communities face at present. 

• Root canal therapy can be expensive, rendering it unavailable to 

those who cannot afford it. Untreated tooth decay may arise, 

which may have major health consequences. 

• RCT can be time-consuming and complicated, requiring several 

dental visits and specialized instruments. As a result, patients 
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may experience longer waiting periods and delayed treatment, 

resulting in more toothache and discomfort. 

• The success rate of root canal treatment can vary, and some teeth 

may need to be extracted or retreated. It makes patients angry 

and unsatisfied, which could increase costs and health concerns. 

Potential solutions for these issues include expanding access to 

relatively affordable dental care and raising capital to develop more 

efficient and effective treatment modalities, enhancing patient support 

and education to promote adequate oral hygiene and preventative care. 

Moreover, improvements in RCT technology and materials may 

increase success rates and decrease the need for retreatment or 

extraction. 

2.5 Challenges and approaches of endodontic 

treatments 

2.5.1 Anatomical aspects 

Numerous anatomical and pathological investigations have shown the 

complexities of the RCT system's morphology [45]. Consisting of a 

wide range in the quantity, length, shape, and dimension of root canals, 

the complicated apical morphology with its extensions and additional 

canals, and connection with the lateral periodontal ligament and canal 

cavity region. One of the most challenging aspects of root canal therapy 

might be the complicated anatomy [46].  

Tang et al.  [47] observed anatomy's impact on the working length's 

accessibility during RCT. The anatomical risk factors comprised root 

canal curvature, calcification, tooth typology (position), and endodontic 

retreatment. Jain et al. [48] stated that the practitioner needs to overcome 

multiple obstacles during the cleansing or obturation of the canal 

because of the canal's complicated and irregular morphology. There is a 

wide association between the coronal and apical thirds of the canals in 

the c-shaped root canal system. The morphology of the canals deviates 

from the apical portion of the root [45,48]. 
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2.5.2 Iatrogenic influence affected by preparing a root 

canal 

A few studies [48–51] briefly mentioned the risk of iatrogenic 

consequences that might happen in roots while performing RCT using 

an endodontic file. Furthermore, they highlighted important distinctive 

preparation failures such as ledging, perforation, deterioration of the 

apical foramen, and apical blockage. Eleftheriadis and  Lambrianidis 

[52] analyzed and identified the iatrogenic fault in dental healthcare. It 

was more frequently found that the health quality of the anterior teeth 

was appropriate, but the curving canals of molar teeth and ledges were 

observed more frequently [27]. 

Gorni et al. [53] investigated the patients and clinical features following 

RCT related to primary healing of iatrogenic perforations and variables 

influencing long-term prognosis and clinical response. Also, they 

presented convincing proof of the combined efficiency of skilled workers 

and the utilization of cutting-edge technologies [53]. Aidasani and Mulay 

[54] also said that the chance of the affected tooth failing after a root 

canal procedure increases if there are any perforations. The perforation's 

size, position, perforation configuration gap, and microbiological 

invasion of the endodontic system were impacting factors [54]. It is 

crucial to emphasize cleaning and sterilizing the cavity and affected 

region to perform successfully over time. If the right medical procedure 

is thought and carried out, nonsurgical care is feasible with a predictable 

outcome. Amza et al. [55] analyzed the causes and preventative measures 

concerning one of the most problematic endodontic treatments and file 

displacement during canal shaping. They avoided the instrument's severe 

curvature to accomplish an endodontic procedural approach and 

confirmed the root canals' accessibility along their full working extent 

[55]. Irrigation was used during the instrumentation, which was the 

efficient approach that provided the clearance of detritus along the entire 

root canal's length [18]. 

2.6 Force analysis during root canal preparation 
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Blum et al. [56] used the balanced forced approach to analyze the forces 

generated during root canal cleaning and shaping with the help of the 

force-analyzer device. Comparisons were made between the intentional 

failure of instruments which caused preparatory procedure. The 

endograph offers a new method for examining canal preparation since 

that emphasizes the connections between the preparation's factors. 

Gulabivala et al. [57] evaluated the effect of interfacial forces while 

RCT. The author used various interfacial forces specific to every 

individual with diverse file ranges. The utilization of mild or high forces 

did not affect physical perception [57]. It was indicated that the "manner 

of file modification" was still uncertain and seemed to be a key factor 

affecting the result of canal shaping. Peters et al. [58] performed the in-

vitro study and evaluated the torque and force regarding canal 

morphology. While creating curved canals in maxillary molars, observe 

the physical characteristics of NiTi rotary files. There were significant 

positive associations between canal shape and physical characteristics 

[37,58,59]. Diop et al. [60] and Kim et al. [61] used the 3D FEA analysis 

to compare the force produced during the RCT. For different instrument 

configurations, there are differences in the position of the highest stress 

intensity, magnitude, and distribution of residual stresses. Boessler et al. 

[62] modified the NiTi instrument's surface through electropolishing to 

decrease the likelihood of fractures. However, this might change the 

instruments' mechanical behavior. Arias et al. [63] compared different 

instruments' peak torque and force when preparing distinctive root 

canals in extracted teeth. According to ProTaper Universal, ProTaper 

Next endodontic file exhibited more consistency in peak amplitude for 

distinctive canals. Tokita et al. [64] examined the concepts of continuous 

and reciprocal motion used to describe the development of apical force 

through NiTi instrumentation. Both continuous and reciprocal motions 

produced a substantially lower peak torque and may be advantageous in 

lowering stress development induced by screw-in forces. Kimura et al. 

[65] studied the optimum torque reverse (OTR) motion which affected 

torque and force minimization during RCT using the crown-down or 

single-length approach. The OTR motion could lower the incidence of 
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torsional fracture, especially in cases where coronal expansion is limited 

or specifically restricted. Nayak et al. [66,67] established a relationship 

between the forces and vibrations through root canal preparation. This 

work was utilized to anticipate self-adjusting file (SAF) breakage during 

RCT. They concluded that the vibration is closely related to the force on 

canals. Thus, the vibration characteristic showed a trend of force 

fluctuation [66]. Thu et al. [68] reviewed the thorough investigation of 

the development of torque and force during endodontic instrumentation. 

Endodontic instruments manufactured of conventional Ni-Ti alloys 

usually represented larger torque or apical forces than those 

manufactured of alloys that have undergone thermal treatment. Varying 

alloys with Varying heat treatments showed different parameter 

characteristics in instruments. Standardization of instruments is 

necessary to examine the complex metallurgical characteristics of many 

alloys. 

2.7 Vibration analysis during root canal 

preparation 

In 1996, Levy et al. [69] used the ultrasonically vibrated endodontic file 

in root canals, and the Nd-YAG laser was proposed for the RCT. They 

used sonically vibrated or ultrasonically vibrated files to characterize the 

pressure waves generated in the root canals. Lea et al. [70] performed 

the in-vitro study to analyze the fluctuation of the endodontic file during 

canal shaping. The study is based on driving a smaller instrument to 

oscillate easily inside the canal and triggering an irrigant fluid via 

biophysical forces like microstreaming. The oscillations characteristics 

of an instrument when operated in a fluid-filled environment, such as 

the canal root, were not well recognized. More significant generated 

outputs were provided to the instruments, which resulted in lower 

vibration displacement amplitudes [70]. This could minimize the 

existence of the biophysical forces required to enhance the productivity 

of the approach. 
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Verhaagen et al. [71] examined the endodontic instruments' vibration 

characteristics using the assessment of a numerical model. The vibration 

modes and probability of breakage of the endodontic file could be 

predicted using the numerical model of oscillation. Jeon et al. [72] 

introduced vibration features for distinct motions (conventional and 

reciprocating) of endodontic motors in dentistry. They used X-Smart 

(Dentsply, Switzerland), X-SMART PLUS (Dentsply, Switzerland), 

WaveOne Motor (Dentsply, Switzerland), and conventional motors in 

their study. Vibrational acceleration was recorded using an accelerometer 

sensor mounted to the motor's handpiece. Further, reciprocating motors 

outperformed traditional rotary motors in terms of average and highest 

vibrations. The standardization of endodontic vibration levels is required 

for dental health. 

Choi et al. [73] compared the vibrations transmitted with two different 

motions (continuous and reciprocating) via numerous file systems. The 

vibration was monitored during the pecking action with the help of an 

accelerometer mounted to a specified location. There were noticeable 

differences in the mean vibration ranges generated by both motor and 

instrument systems. Later concluded that reciprocating file systems 

potentially produce more vibration than continuous file systems. The 

forces and vibrations produced by endodontic files with three distinct 

kinematics (rotary, reciprocating and transline motion) were compared 

by Nayak et al. [74].  The three endodontic files' RMS values regarding 

force and vibration showed considerable variations depending on their 

kinematics. The reciprocating file system produced more apical force 

and vibration than the other file systems. Nayak et al. [67] predicted the 

failure of the endodontic file using force and vibration signals to avoid 

iatrogenic mistakes [67]. Park et al. [75] studied the vibrational features 

in reference to file length and compared the traits across distinct file 

systems. When authors employed large-size files, a noticeably higher 

vibration acceleration was seen. Thus, vibrations might be minimized 

by selecting a file with the smallest size [75]. 
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2.8 Artificial Intelligence (AI) and Machine 

Learning (ML) in endodontics 

The use of AI and ML in endodontics and dentistry has made fantastic 

progress [76]. Boreak [77] reported the efficacy of AI programs 

developed for endodontic diagnosis, choice-making, and future 

forecasting. The RCT incorporated a variety of AI and ML applications. 

In terms of their neural frameworks, artificial neural networks (ANNs) 

and convolutional neural networks (CNNs) are mainly used. These AI 

models were utilized in identifying and classifying root canal failure, 

retreatment, periapical pathology estimations, and including evaluation 

of root morphology, as demonstrated in Fig 2.3. According to Boreak's 

study, neural networks outperformed skilled professionals in accuracy 

and precision, AI and ML technologies can be more helpful from an 

expert view [78].  

 

Figure 2.3 Systematic review of artificial intelligence and machine 

learning designs applications for endodontics in dentistry 
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2.9 Diagnostic and prognosis prediction of root 

canal treatment 

In order to categorize the existence and lack of root caries and to assess 

the model performance, Hung et al. [79] used ML techniques in AI. The 

most prevalent issues with oral hygiene were dental caries [80,81]. AI 

was employed to create models identifying the chance of developing 

root infections and acquiring insightful knowledge. However, it wasn't 

used in dentistry. Making therapeutic approaches with appropriate root 

cavity identification may improve dental health results. The research 

was effective and can be used in healthcare situations by dentists, and 

other practitioners urged to utilize the algorithms for proactive diagnosis 

and treatment of dental caries. Qu et al. [82] established and validated 

the ML algorithms for prognostic predictions of RCT microsurgery, 

preventing therapeutic failures and enhancing clinical judgment. Qu et 

al. developed the models of random forest (RF) and gradient boosting 

machines (GBM). The algorithms are anticipated to increase medical 

decision-making effectiveness and facilitate healthcare professional 

interaction with patients [82,83]. Hwang et al. [84] employed AI in all 

spheres of society, including medicine and dentistry, to solve real-world 

problems. Their study aimed to discover further deep-learning 

applications in oral and maxillofacial radiography, and CNN was 

utilized as the primary network algorithm. For effective treatments in 

orthognathic surgery, diagnosis and treatment planning are the two 

essential aspects [85]. Therefore, Choi et al. developed and implemented 

a novel artificial intelligence framework for surgery and determined the 

type of extraction [85].  

2.10  Opportunities and challenges of machine 

learning in endodontics 

The part of artificial intelligence (AI) termed machine learning (ML) has 

arisen to deal with analyzing massive volumes of data. Dental care is 

now one of the several fields in which machine learning techniques have 
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found applications. Recent developments in this area anticipate 

advancements in clinical diagnosis and prognosis for infections 

affecting the teeth and dental structures in the future. AI has shown a 

strong impact and importance across a wide range of responsibilities and 

approaches in dentistry, and it has the potential to mimic human 

intelligence to conduct complicated predictions and decision-making in 

healthcare [86].  Rayes et al. [87] explained the conceptual background 

of the latest applications of ML to several dental sub-fields in order to 

identify common study algorithms. Furthermore, it highlights the 

difficulties involved and the application of these approaches in dental 

and medical care. Growing innovations' capability, which had started to 

exhibit successful outcomes in the diagnosis and prognosis of dental 

problems, could increase the accuracy of the potential treatments 

provided [87]. It is essential to recognize their complications and ensure 

that people experience better healthcare by utilizing the instruments 

efficiently in oral healthcare. 

Primary characteristics of research reviewed utilizing machine learning 

algorithms in endodontics are discussed. Saghiri et al. [88,89] employed 

the x-ray feature extraction techniques for localizing the smaller apical 

cavity, followed by data processing using ANNs acting as a judgment 

mechanism. Through ANN image analysis, it was determined that 

radiography had a 93% performance level. Kositbowornchai et al. [90] 

developed an ANN algorithm, and Fukuda et al. [91] evaluated the CNN 

algorithms for detecting vertical root fractures (VRF) from the 

radiograph. Healthy and unhealthy vertical root failures were 

determined using a probabilistic network design. After training, the 

model obtained the highest sensitivity, specificity, and accuracy values, 

such as 98%, 90.5%, and 95.7%, respectively. This study has an 

excellent performance in serving as a framework for identifying vertical 

root failure. Hiraiwa et al. [92] utilized the CNN intelligence algorithm 

to evaluate the anatomy of a molar's root on a comprehensive radiograph 

using cone-beam CT (CBCT). A deep learning algorithm was used to 

segregate input images of the roots from radiographic images and 
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evaluate the diagnostic effectiveness in the root morphology 

classifications. The deep learning algorithm was accurately diagnosed 

with 86.9% model accuracy. Orhan et al. [93] used the AI approach-

based deep CNNs algorithm in CBCT photographs to diagnose 

periodontal lesions. 

This thesis presents a newly established root canal treatment setup 

involving a biomechanical and cleaning-shaping process. The 

biomechanical procedure consists of three components: micro-motor, 

three ways syringes, and an airotor. The endo-motor, endo-motor 

handpiece, endodontic instruments, and extracted teeth sample are 

included in the cleaning and shaping process. The established 

experimental apparatus is proficient in carrying out in-vitro RCT 

research work. This experimental setup and human-extracted tooth 

provide the endodontic treatment's actual exposure. The finite element 

modeling and machine learning approaches are defined the 

biomechanical behaviour and clinical implications during the RCT. 

2.11 Scope and objective of the present research 

work 

This thesis intends to propose a novel and innovative fault diagnosis and 

health monitoring approach for endodontics systems by obtaining force 

and vibration signals with the help of machine learning techniques. 

Additionally, the three-dimensional FEA model has been established to 

analyze the biomechanical behaviour through RCT. The following are 

the primary research objectives identified for this study. 

• Development of experimental setup, collection of human 

extracted teeth, and biomechanical samples preparation 

• Three-dimensional finite element analysis of endodontic files 

and tooth during root canal treatment 

• Force and vibration analysis in biomechanical preparation of 

root canals using endodontic file system: In vitro study 



30 

• The implication of oversampling and fault diagnosis of 

endodontic instruments during RCT 

• Health prediction of the endodontic instrument based on 

machine learning and exponential degradation models 

• Prediction of apical extent using ensemble machine learning 

technique 
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Chapter 3 

Numerical analysis of the endodontic files 

during root canal treatment 

 

Finite element models of the nickel-titanium (NiTi) endodontic 

instrument used in root canal treatment (RCT) are developed and 

investigated in this chapter. Three-dimensional models of the tooth and 

the endodontic tool have been created individually using computer-

aided design (CAD) software. These two models are combined to make 

tooth-endodontic file assembly. The endodontic instrument's mechanical 

behaviour is investigated by employing the nonlinear explicit dynamic 

analysis in the CAE package. Total deformation, equivalent elastic 

strain, and equivalent stress during canal preparation have been 

evaluated for mechanical behaviour analysis. The three NiTi alloy 

endodontic instruments available commercially, namely WaveOne Gold 

(WOG), TwoShape One (TS1), and TwoShape Two (TS2) files, are used 

for numerical analysis using the FEA. The impact of total deformation, 

equivalent stress, and equivalent elastic strain on endodontic files 

during cleaning and shaping are evaluated. The results demonstrate that 

the TS1 endodontic file exhibits the maximum deformation and 

equivalent elastic strain compared to TS2 and WOG files. 

 

3.1  Introduction  

Root canal treatment is required to prevent infection of the tooth. The 

infected or inflamed pulps are removed, cleaned or disinfected using the 

endodontic file. The dental pulp is a structure that lies within the root 

canal and contains nerves. When the pulp becomes inflamed or infected 

with the roots of the tooth, it causes pain and toothache. Deterioration in 

the tooth results in severe decaying, which cannot be treated, and left 
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with no choice except replacement of the tooth. To prevent the natural 

tooth from being lost, this procedure is used to get rid of bacterial 

infection from the infected root canal [94]. 

In the past, few approaches were used for analyzing the finite element 

and 3D modelling in cleaning and shaping. Most of the literature 

discussed the FEA modelling of either an endodontic file or a separate 

tooth and crown. Kim et al. [61] and Ismail et al. [95] used the WaveOne 

gold endodontic file for performing the finite element analysis subjected 

to residual stress, bending, and torsional load, respectively. Özyürek et 

al. [96] employed the WaveOne gold and TwoShape NiTi endodontic 

file in the different artificial canals. They statistically analyzed the cyclic 

fatigue resistance in the artificial canal and compared the scanning 

electron microscopic analysis between files. Ausiello et al. [97] 

investigated the mechanical behaviour of the restored model in terms of 

displacement distribution and stress distribution. Subsequently, the 

analysis evidenced that the resin slightly affected the stress level of the 

restored teeth. Tribst et al. [98] developed the implant-supported full-

arch dental prosthetic using FEA modelling software. Experimental 

prosthetic and conventional casted frameworks they were modelled. 

Afterwards, experimental framework results were analyzed regarding 

the microstrains, displacement, and von-Mises stress [98]. Borges et al. 

[99] compared the effect of crown fracture load and stress distribution 

of occlusal anatomy with the help of FEA modelling. They concluded 

that the acrylic resin CAD/CAM modelled crown reduces the fracture 

load and increases the stress concentration. Martorelli et al. [100] 

proposed a novel approach to evaluate the simplified 3D tooth 

reconstruction using the finite element method. This approach acquired 

model data from non-contact laser systems and implemented them for 

dental and biomechanical applications. Jin et al. [101] investigated the 

influence of micro-thread in peri-implant bone on stress distribution. 

Dinc et al. [102] investigated the influence of distinct dental implants on 

the implant-abutment complex and mandibular crestal bone using the 

3D FEA method. Subsequently, it significantly evaluated the 
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mechanical behaviour of the implant-abutment complex and peri-

implant bone. 

Recently, Nickel-Titanium (NiTi) endodontic file system has been used 

in root canal preparation, which includes approximately 55 wt % Ni and 

45 wt % Ti [103,104]. The NiTi endodontic instruments are much more 

flexible than traditional stainless-steel instruments [105,106]. These 

instruments are used to improve the effectiveness and speed of RCT 

preparation, even in curved root canals [37]. This research work uses 

WOG (Dentsply Maillefer, Ballaigues, Switzerland) and TS (Micro-

Mega, Besancon Cedex, France) endodontic files. These endodontic 

files are made up of the M-wire and conventional techniques 

[104,107,108]. The endodontic file holds superelastic behaviour 

subjected to highly influenced by the thermal treatment [32]. Based on 

the temperature provided during heat treatment, the crystallographic 

structures of endodontic NiTi instruments were categorized as 

martensitic, austenitic, and R-phased structures [32,103,109]. The NiTi 

alloys instrument had more flexibility and gave a longer instrument life 

than other alloys materials [32]. 

The endodontic files play a significant role in cleaning and treating the 

entire root canal system. Root canal treatment is an intricate procedure 

handled frequently by dentists. A crack could be formed during the canal 

preparation time, and there might be a chance of file failure [21–23]. 

The file becomes stuck between the root canals in this situation, leading 

to ledge formation [27]. To prevent this, a recent development that 

enhanced usages of instrumentation and robotics for a minimally 

invasive treatment was encouraged [110,111]. One of the best possible 

ways to prevent the failure of endodontic files is to analyze the 

maximum working stress and strain in the endodontic file simulation 

[95,112–114].  

In this chapter, a tooth-file assembly has been modelled with the help of 

a micro-drilling approach to simulate the real-life condition of root 

preparation during RCT. Simulations have been carried out in the 
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computer-aided engineering package ANSYS for three different 

endodontic files: TwoShape (TS1 and TS2) and WaveOne Gold (WOG). 

The results obtained from the FEA modelling facilitate the accurate 

knowledge simulation and their respective contours. The outcomes 

revealed a significant difference in the deformation, equivalent elastic 

strain, equivalent stress of endodontic files, and tooth assembly. The 

analysis suggested that the maximum permissible amount of stress 

within the safe limit avoids mechanical failures in the endodontic files 

and tooth assembly. The methodology adopted in this study is shown in 

Fig. 3.1. 

3.2  Material and methods 

In this work, three different kinds of NiTi endodontic files have been 

used, namely WaveOne Gold (WOG), TwoShape One (TS1), and 

TwoShape Two (TS2). The endodontic files were 25 mm long with a 

standard working length of 16 mm and the tip of the files 0.25 mm [115]. 

The WaveOne Gold file had a three-variable taper of 7%, 6%, and 3%, 

respectively, across the file length, whereas TS1 and TS2 had 4% and 

6% taper across their length, respectively. Subsequently, these modelled 

files in CAD package were simulated to real-life usage conditions using 

the computer-aided engineering (CAE) package ANSYS. For 

investigating the mechanical behaviour of these three endodontic files, 

dimensions for the WOG file have been considered as per Dentsply 

Maillefer, Ballaigues, Switzerland. Whereas, for TS1 and TS2, 

dimensions used by Micro Mega, Besancon Cedex, France, have been 

considered. A few endodontic files possess austenitic behaviour, 

whereas some exhibit martensitic behaviour [104,107]. Thus, two 

different values of young’s modulus are used for the austenite and 

martensite material.  
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Figure 3.1 Simulation workflow chart of FEA modelling 

The parameters of the NiTi superelastic endodontic instruments used to 

describe the FEA model are shown in Table 3.1. The properties of the 

dental enamel and dentin considered for the modelling are mentioned in 

Table 3.2. Enamel is the hard calcified tissue covering the dentin in the 

tooth's crown. Dentin is the part of the tooth beneath the enamel. The 

CAD models of three different endodontic files with dimensions are 
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demonstrated in Fig. 3.2. The geometric parameter used to describe the 

endodontic file and tooth assembly details are mentioned in Table 3.3. 

Table 3.1 Parameters used to describe the properties of the NiTi 

endodontic file [116,117] 

Parameter Description Value 

EA Young’s modulus (Austenite) 42.530 GPa 

EM Young’s modulus (Martensite) 12.828 GPa 

µF Poisson’s ratio 0.33 

ρF Density of the NiTi instruments 6450 kg/m3 

GA Shear modulus (Austenite) 15.98 GPa 

GM Shear modulus (Martensite) 4.82 GPa 

 

Table 3.2 Parameters used to describe the properties of dental enamel 

and dentin [113,118,119] 

Parameter Description Value 

EE Young’s modulus of enamel 84.1 GPa 

ED Young’s modulus of dentin 18.6 GPa 

µE Poisson’s ratio of enamel 0.33 

µD Poisson’s ratio of dentin 0.31 

ρE Density of enamel 2970 kg/m3 
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Figure 3.2 CAD model of the (a)WaveOne Gold (WOG) (7%, 6% and 

3% taper), (b) TwoShape One (TS1) (4% taper), and (c) TwoShape Two 

(TS2) (6% taper) 

Table 3.3 Geometric parameters used to describe the endodontic file 

and tooth details 

Parameters values 

Length of the endodontic file 25 mm 

Working length of the 

endodontic file 

16 mm 

Tip diameter 0.25 mm 

 

Taper 

WaveOne Gold: 7%, 6% and 3% 

TwoShape One: 4% 

TwoShape Two: 6% 

Length of root 14 mm 

Length of crown 9 mm 

Diameter of crown 7 mm 

 

3.3  Mechanical characteristics of NiTi alloy 

The NiTi alloys exist in two different temperature-dependent crystal 

structures named austenite and martensite phases [31]. Austenite has a 

high-temperature phase with a cubic B2 crystal structure, and martensite 

0.25 mm 0.25 mm 0.25 mm 

16 mm 16 mm 16 mm 

(a) (b) (c) 
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has a low-temperature phase with a monoclinic B19' crystal structure 

[107]. The super elasticity of the NiTi alloy is associated with 

transforming austenite to martensite [31,104]. According to Shim et al. 

[104] and Zupanc et al. [107], the WOG file has the austenite phase with 

superelastic properties. In contrast, the TS file has the austenitic with 

small amounts of R-phase and martensite phase with superelastic and 

two-stage stress-induced transformation properties. Based on the 

phases, the properties of the endodontic instruments are assigned in the 

simulation. 

3.4  Geometric parameters of the endodontic 

instruments 

The geometric parameters are required for the mathematical model to 

simulate the endodontic instrument model in computer-aided 

engineering software. These parameters include the endodontic file's 

taper, radius, helical angle, relative angle, etc. The simplified geometry 

of the instrument is discussed in this section. Diameters of the WaveOne 

Gold file at various locations shown in Fig. 3.3, are calculated using Eq. 

3.1 to Eq. 3.3. 

 

Figure 3.3 Schematic diagram of the WaveOne Gold (WOG) file 

Now, calculating diameter according to the design taper section of the 

endodontic files 

Diameter at the tip, 𝐷0 =  0.25 𝑚𝑚 

Thus, at 𝐷4  =  𝐷0  +  (0.07 ∗  4)  =  0.25 +  0.28 =  0.53 𝑚𝑚  (3.1) 

Now at 

D16 D12 D4 D0 
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  𝐷12  =  𝐷0  +  (0.07 ∗  4) +  (0.06 ∗  8) =  0.25 +  0.28 +

 0.48 =  1.01 𝑚𝑚                     (3.2) 

𝐷16   =  𝐷0  + (0.07 ∗  4) +  (0.06 ∗  8) +  (0.03 𝑥 4) 

=  0.25 +  0.28 +  0.48 +  0.12 =  1.13 𝑚𝑚      (3.3)  

where, 𝐷0 denote the diameter of the endodontic instrument at 

zero taper position, 

𝐷4 denote the diameter of the endodontic instrument at 7% 

taper position, 

𝐷12  indicate the diameter of the endodontic instrument at 6% 

taper position, 

𝐷16 represent the diameter of the endodontic instrument at 3% 

taper position, 

Similarly, diameters for TwoShape (TS) files (as shown in Fig. 3.4) 

can be derived using Eq. 3.4 and Eq. 3.5. 

 

 

 

 

 

 Figure 3.4 Schematic diagram of the TwoShape (TS) file 

Now, calculating the diameter of TwoShape One 

𝐷0  =  0.25 𝑚𝑚           

Thus, 𝐷16   =  𝐷0  +  (0.04 ∗  16) =  0.25 +  0.64 =  0.89 𝑚𝑚  (3.4) 

where, 𝐷0 is the diameter of an endodontic instrument at zero 

taper position, 

𝐷16 is the diameter of an endodontic instrument at 4% taper 

position, 

D0 D16 
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Now, for TwoShape Two 

𝐷0  =  0.25𝑚𝑚          

Thus, 𝐷16   =  𝐷0  +  (0.06 ∗  16) =  0.25 +  0.96 =  1.21 𝑚𝑚  (3.5) 

where, 𝐷0 denote the diameter of an endodontic instrument at 

zero taper position, 

𝐷16 denote the diameter of an endodontic instrument at 6% 

taper position, 

The endodontic instruments geometry is shown in illustrative Fig. 3.5. 

The geometry shows the longitudinal view of the cross-section, and this 

geometry has been made with the x-y plane as a reference coordinate 

along the z-axis. 

The radius ‘𝑅’ of a specific cross-section of the endodontic instrument is 

a function of distance from the endodontic head ‘𝑠’ and the taper 𝑇 such 

that [120]: 

𝑅(𝑠) = 𝑅0 +
1

2
∫ 𝑇𝑑𝑠

𝑠

0
                (3.6) 

where, 𝑅 denotes the radius of the endodontic instrument, 

𝑅0 represents the radius of the endodontic instrument at zero 

taper position, 

𝑇 indicates the taper of endodontic instruments, 

𝑠 indicates the distance from the endodontic head to the specific 

length along the instrument axis, 

𝑑𝑠 denotes the root canal length at a particular position from the 

tip head along the axis of the instrument, 

The relative angle of the cross-section of the endodontic instrument 

between the planes for the orientation may be written as [120]: 

𝛽(𝑠) = ∫
tan(𝛼(𝑠))

𝑅(𝑠)

𝑠

0
𝑑𝑠                 (3.7) 
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Figure 3.5 Schematic diagram illustrates the geometric parameter for the endodontic instrument for the small section
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In terms of endodontic file pitch and polar symmetry, the following 

relation is obtained, 

𝛽(𝑠 + 𝜆(𝑠)) − 𝛽(𝑠) =  
2𝜋

𝑘
                (3.8) 

where 𝛽 denotes the relative angle of the cross-section between two 

planes, 

𝛼 indicates the helical angle of the endodontic instrument, 

𝜆 indicates the pitch of the active part of the endodontic 

instrument, and it is the distance between adjacent points in the 

cutting edge, 

𝑘 denotes the polar symmetry of the cross-section of the 

instrument (𝑘 = 3 for endodontic instrument (Dentsply 

Maillefer, Ballaigues, Switzerland) and instrument (Micro-

Mega, Besancon Cedex, France) with symmetry of 120o) [120], 

when 𝑇 and 𝛼(𝑠) are constant, that means for the endodontic file with 

the taper. 

Now, from Eq. 3.6, 3.7 and 3.8, after substituting the constant value for 

these equations, can be written as [108]: 

𝑅(𝑠) = 𝑅𝑜 +
1

2
 𝑇𝑠               (3.9) 

𝛽(𝑠) =  
2tan (𝛼)

𝑇
ln (1 +

𝑇

2𝑅𝑜
𝑠)            (3.10) 

𝜆(𝑠) = (𝑒
𝜋𝑇

𝑘𝑡𝑎𝑛(𝛼) − 1) 𝑠 +
2𝑅𝑜

𝑇
(𝑒

𝜋𝑇

𝑘𝑡𝑎𝑛(𝛼) − 1)          (3.11) 

Meanwhile, all the parameters of the endodontic instrument cross-

section vary with the distance ‘𝑠’. The parameter, such as the cross-

sectional area of the endodontic instrument, can be written concerning 

the function of 𝑠 in the following way: 

𝐴 = ∫ 𝑑𝐴
𝐴(𝑠)

                (3.12) 

where 𝐴 denotes the cross-sectional area of the endodontic instrument. 
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3.5  Finite element analysis  

The finite element analysis of the tooth and the endodontic instrument 

has been performed in this study. The mechanical behaviour of 

endodontic instruments during RCT has been analyzed numerically in 

CAE to simulate using explicit dynamics. The explicit dynamics 

facilitate the evaluation of total deformation, equivalent elastic strain, 

and equivalent elastic stress (von-Mises stress). This analysis is a 

computationally efficient method for studying the model with relatively 

short dynamic response times. The explicit dynamics analysis responds 

by the central difference algorithm [121] to integrate the equation of 

motion. The endodontic files and tooth assembly modelling has been 

carried out in SolidWorks software (Dassault Systèmes) and later 

imported to the ANSYS software. Subsequently, material properties 

have been assigned to the imported model. The NiTi instruments 

material is deemed nonlinear and isotropic to mimic the actual behaviour 

of NiTi alloys under stress and strain [95,112,121,122]. Before 

beginning the simulation, the connection and contact between the two 

components endodontic file and the tooth are established. Contact 

designation is necessary to accomplish the appropriate behaviour of 

numerical accuracy in the explicit dynamic analysis. The adequate 

selection of the contact and target side depends on the model's geometry. 

Contact side and target side elements are assigned to both surfaces to 

enable interaction. The interaction part provides the asymmetric contact 

behaviour between the contact side and the target side in the body. 

Before initiating the simulation, meshing was performed in the last step 

by discretizing the model. The adaptive meshing technique has been 

employed to generate the mesh. This technique combines the feature of 

the ALE (Arbitrary Lagrangian and Eulerian) approach for the meshing. 

Two different mesh elements have been used for meshing the tooth and 

file assembly model, namely four-nodded tetrahedrons (Tet4) and eight-

nodded hexahedrons (Hex8). Tetrahedron elements are mostly in the 

region of the endodontic file, and hexahedron elements are in the tooth 

https://en.wikipedia.org/wiki/Dassault_Syst%C3%A8mes
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region. Details of the meshing elements and nodes for the tooth-file 

assembly are given in Table 3.4.  

The mesh convergence analysis and refinement are carried out to get the 

appropriate parameter of the mesh. The investigation has been optimized 

between time (hour), mesh size (mm), and the deformation/displacement 

(mm) of the model. In this analysis, time and deformation of the model 

have been obtained while employing the mesh size. The most crucial 

parameter in the meshing is the selection of optimal mesh size. If the 

mesh size is too small, it will increase the computational cost, and 

incorrect results would be reported for a relatively larger value of mesh 

size. Based on the mesh convergence, an appropriate meshing parameter 

is selected, and the mesh has been generated on the model, as shown in 

Fig. 3.6.  

The initial and boundary condition of the endodontic instrument and 

tooth assembly are imposed to simulate the behaviour of the RCT. 

According to the coordinate system in the explicit dynamics model, 

displacement is allowed in 𝑧-component for penetration of the file inside 

the tooth, as shown in Fig. 3.7. The rotational movement is provided to 

the 𝑦-component where the endodontic file can rotate inside the root 

canal. The endodontic file speed is kept constant for specific file. For 

each type of endodontic file, the speed of the motor is selected based on 

the manufacturer's specifications.  In contrast, the 𝑥-component kept 

fixed, respectively, as summarized in Fig. 3.7. For the tooth, fixed 

support is provided to the crown and root surface (blue colour in Fig. 

3.7) to avoid movement during the root canal preparation.  

Table 3.4 Details of the meshing element and nodes 

Endodontic files  Number of 

nodes 

Number of 

elements 

WaveOne Gold (WOG) 6893 11384 

TwoShape One (TS1) 6241 9026 

TwoShape Two (TS2) 6398 9135 
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Figure 3.6 Mesh convergence analysis of the tooth-file assembly 

Figure 3.7 Boundary condition of the tooth-file assembly, the yellow 

colour endodontic file indicates the contact body, whereas the blue and 

grey colour body indicate the target body 

3.6  Results  

In this section, the mechanical behaviour of three different endodontic 

files is obtained in terms of the total deformation of the file under the 

25mm 

16 mm 39 mm 

14 mm 
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applied load during the root canal. Further, the analysis of equivalent 

strain and stress is carried out. This section also visualizes the tooth-

endodontic files combined geometry, deformation, equivalent strain, 

and stress contour in the tooth-file assembly. Towards the end of this 

section, results are presented in a comparative table enlisting total 

deformation, equivalent elastic stress, and strain for tooth, file and 

assembly for all three endodontic files.    

3.6.1 Total deformation 

Using the FEA simulation of the tooth-file assembly, the deformation 

contours are obtained for WOG, TS1, and TS2 endodontic files. A 

maximum of 1.29 mm deformation is observed in the WOG file, as 

shown in Fig. 3.8 (a). The maximum deformation amplitude for both 

TS1 and TS2 files is found to be 3.0 mm and 1.82 mm, respectively. In 

both TS1 and TS2 files, maximum deformations are obtained at the 

endodontic's initial shank position and upper section, as shown in Fig. 

3.8 (b) and Fig. 3.8 (c), respectively. Out of the three endodontic files 

considered, WOG suffers 1.29 mm deflection, which is the lowest 

among all file systems considered in this study. It is because WOG has 

three different tapers along with the endodontic file, while TS1 and TS2 

had a single individual taper along with the file. On the other hand, 

maximum deformation is observed in the TS1 file. The magnitude of the 

total deformation (directional deformation in the x, y, and z plane) of the 

tooth and file assembly is computed numerically in this study using Eq. 

3.13 [123,124]. 

𝛿𝑇𝑜𝑡𝑎𝑙 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = √(𝛿𝑥
2 + 𝛿𝑦

2 + 𝛿𝑧
2)            (3.13) 

where 𝛿𝑥 component denotes the deformation in the x-direction, 𝛿𝑦 

component denotes the deformation in the y-direction, 𝛿𝑧 component 

denotes the deformation in the z-direction. 
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Figure 3.8 Total deformation of the tooth-file assembly (a) Wave one 

Gold (WOG), (b) 2Shape one (TS1) and (c) TwoShape Two (TS2) 

(c) 

(b) 

(a) 
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3.6.2 Equivalent elastic strain 

The equivalent elastic strain gives the strain value up to which the object 

will rebound and return to its original position after the load removal. 

The equivalent elastic strain of tooth-file assembly has been obtained. 

The simulation is executed to observe the strain distribution over the 

tooth and file assembly. By comparing the results in Fig. 3.9, it is 

observed that the tooth is subjected to the maximum amount of strain for 

all three different file systems. While using the WOG file, the maximum 

equivalent elastic strain of 0.12 is observed on the tooth as the file 

penetrated inside the root canal. The maximum equivalent elastic strain 

using TS1 and TS2 are observed as 0.15 and 0.11, respectively, as shown 

in Fig. 3.9 (b) and Fig. 3.9 (c). The TS2 developed a less elastic strain 

in this analysis than the other two endodontic files. 

3.6.3 Equivalent stress 

The equivalent stress (von-Mises) is one of the criteria that state the 

maximum distortion energy of the stressed body that attributes to 

yielding. The von-Mises stress criteria are generally used for a ductile 

material. The von-Mises stress analysis is carried out for WOG, TS1 and 

TS2 file systems to get the equivalent stress distribution on the file 

system, as evident in Fig. 3.10. The maximum von-Mises stress in WOG 

endodontic file appeared as 1012.5 MPa at the point of contact during 

the RCT and tip head of the endodontic file, as shown in Fig. 3.10 (a). 

The maximum values of von-Mises stress for the TS1 and TS2 have 

been obtained at the same position as observed for the WOG file, as 

shown in Fig. 3.10 (b) and Fig. 3.10 (c), respectively. The maximum 

equivalent stress for the TS1 and TS2 endodontic file assembly is 1370.2 

MPa and 700.7 MPa, respectively. In the equivalent (von-Mises) stress 

distribution, the maximum stress is observed in the TS1 file as compared 

to WOG and TS2 files. Because of the smaller core volume, smaller 

taper and reduced diameter in the apical length of the TS1 file. 

Therefore, WOG and TS2 endodontic files have lower stress values than 

the TS1 endodontic file.  
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Figure 3.9 Equivalent elastic-strain distribution of the tooth-file 

assembly (a) Wave one Gold (WOG), (b) TwoShape One (TS1) and (c) 

TwoShape Two (TS2) 

(c) 

(b) 

(a) 
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Figure 3.10 Equivalent stress (von-Mises) stress distribution of tooth-

file assembly (a) Wave one Gold (WOG), (b) TwoShape One (TS1) and 

(c) TwoShape Two (TS2) 

(c) 

(b) 

(a) 
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The results observed that the total deformation, equivalent elastic strain, 

and equivalent stress dissemination models were affected by the tooth 

and endodontic file properties of the material and cross-sectional 

geometry. The simulation results of the endodontic file and tooth 

assembly categories are mentioned in Table 3.5. 

Table 3.5 FEA model analysis result of tooth-file assembly) 

 

3.7  Discussion  

The current study analyzed the mechanical behaviour of the NiTi 

endodontic files during root canal cleaning and shaping. The total 

deformation, equivalent elastic strain, and von-Mises stress are obtained 

for endodontic files and tooth assembly with the help of the FEA. The 

CAD models used in this study are characterized by a specific design for 

endodontic files and teeth. The maximum total deformation of the root 

canal model has been observed when employing the TS1 endodontic 

file. The maximum deformation amplitude obtained in this analysis is 

3.0 mm, as shown in Fig. 3.8 (b). The maximum deformation obtained 

at the shank region, narrow and wider-mid lands region of the 

  
WOG TS1 TS2 

Maximum Maximum Maximum 

Tooth-file 

assembly 

Total deformation 

(mm) 
1.29 3.0 1.82 

Equivalent elastic 

strain (mm/mm) 
0.12 0.15 0.11 

Equivalent stress 

(MPa) 
1012.5 1370.2 700.7 

File 

Total deformation 

(mm) 
1.29 3.0 1.82 

Equivalent elastic 

strain (mm/mm) 
0.001 0.0005 0.0003 

Equivalent stress 

(MPa) 
12.28 2.24 2.64 

Tooth 

Total deformation 

(mm) 
0.39 0.79 0.27 

Equivalent elastic 

strain (mm/mm) 
0.12 0.15 0.11 

Equivalent stress 

(MPa) 
1012.5 1370.2 700.7 
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endodontic file. The TS1 endodontic file's reduced size and the tapered 

region produced more displacement when the instrument rotated inside 

the root canal. As a response, the TS2 and WOG endodontic files had 

increased possibilities of deformation. In this study, the maximum 

equivalent elastic strain is observed when the TS1 file is employed in 

the root canal model, as shown in Fig. 3.9 (b). The equivalent elastic 

strain is observed at the tip of the endodontic file, where the sharp 

cutting edge is employed for removing debris during canal preparation. 

The maximum von-Mises stress is obtained in the TS1, as shown in Fig. 

3.10 (b). The maximum von-Mises stress is observed when the 

endodontic file penetrates inside the root canal, which might be the 

reason for the complex anatomy of the root canal [125–127]. The WOG 

endodontic file reduces the torsional stress because reciprocating 

movement engages the dentin at the instrument tip portion during the 

anticlockwise movement. Whereas the disengages instrument in a 

clockwise movement immediately afterward [122,128]. In TwoShape, 

the rotary movement increases the internal resistance in the canal and 

torsional stress during the canal cleaning and shaping [129,130]. Thus, 

TS1 endodontic instrument has observed the maximum von-Mises 

stress. Rundquist and Versluis [125] also showed that the smaller taper's 

endodontic files are more likely to generate higher stresses. According 

to the American Dental Association, numerous scientific studies 

indicated that oral health was associated with other general health 

conditions such as muscle of the head, neck area, and nervous system 

health [131,132]. The area of care of dentists includes not only the 

patient oral health condition but also the overall health condition [133]. 

This work is dedicated to the study of mechanical behaviour in the tooth-

file assembly during the preparation of root canal. A finite element-

based approach proposed in this study facilitates the equivalent stress 

(von-Mises) contours. It can indicate the critical components and the 

location of high-stress concentration in root canal components, i.e., 

tooth and file. In addition, the total deformation obtained in this study 

can help the practitioner to select the suitable file for a designated task. 
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Table 3.6 Comparative study between the present work and some previous research works 

 References 

Zanza et al. [134] Kim et al. [112] Prados-Privado et al. 

[117]  

Present work 

Aim and Objective  Mass and polar moment of 

inertia, torsional failure 

Stress distribution in the 

simulated canal 

Bending and torsional 

properties 

Develop and analyze the 

FEM model 

Endodontic 

instrument  

Ni-Ti Rotary instrument Ni-Ti rotary instrument Ni-Ti reciprocating file NiTi rotary and 

reciprocating instrument 

Kind of endodontic 

instrument  

NA Profile, Protaper, Protaper 

universal  

WaveOne, WaveOne 

Gold, Reciproc, Reciproc 

Blue 

WaveOne Gold, 

TwoShape One 

TwoShaoe Two 

Chapter considered Torsional resistance on the 

endodontic instrument 

Residual stress on the 

endodontic instrument 

Mechanical properties on 

the endodontic instrument 

Mechanical behaviour 

(through explicit dynamics 

analysis) on endodontic 

instruments and tooth 

CAD software SolidWorks Scanned Micro-CT images SolidWorks SolidWorks 

Simulation Software SolidWorks ABAQUS ANSYS ANSYS 

Outcomes Von-mises stress and 

torsional fracture 

Force acting on the 

instrument and acting 

torque 

Stress distribution, thermal 

analysis 

Total deformation, 

equivalent elastic strain 

and equivalent stress 
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The comparison between previously published research and current 

research work has been shown in Table 3.6. In this table, the 

compressive study has been made based on the aim and objective, 

endodontic instrument, kind of endodontic instrument, the chapter 

considered, CAD and simulation software, and outcomes of each study. 

 

3.8  Conclusions 

In this study, a three-dimensional finite element analysis modelling of 

the endodontic file during RCT has been performed. The simulation 

results are investigated in terms of total deformation, equivalent elastic 

strain, and equivalent stress. The following conclusions are drawn from 

the study: 

• The simulation outcomes evidently show the value of total 

deformation in the TS1 endodontic file led to the maximum at 

the narrow lands of the tip region, wider mid-file lands, and 

shank region among all three endodontic files due to the flared 

root canal. 

• The NiTi alloy-based endodontic instrument possesses 

superelastic behaviour. Because of the superelastic behaviour, 

the maximum equivalent elastic strain was obtained in the TS1 

endodontic file at the narrow tip region and in the internal canal 

surface. It is observed when the endodontic file penetrates during 

the root canal preparation.  

• The minimum von-Mises stress in WOG endodontic file is 

observed on the shank region and the point of contact during 

RCT. The equivalent stress of TS1 in the assembly of file and 

tooth having maximum von-Mises stresses distribution 

compared to WOG and TS2 endodontic files. Thus, the root 

canal using TS2, and WOG endodontic files is more suitable in 

RCT than the TS1 endodontic file. 

This chapter describes the properties of the NiTi endodontic file, tooth, 

and a geometric parameter that gives the endodontic file and tooth 
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assembly details. The WOG and TwoShape files geometry has been 

analyzed for the model preparation using mathematical formulations. 

Finite element analysis of tooth-file assembly was performed in this 

chapter. The results of the FEA modelling were covered, which allows 

for precise knowledge simulation as well as the corresponding contours. 

The next chapter provides insight into the experimental analysis of 

endodontic treatment using real human extracted teeth. Furthermore, an 

investigation of force and vibration has been carried out for 

biomechanical preparation using an endodontic file during the root canal 

treatment. 
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Chapter 4 

Force and vibration analysis during 

biomechanical preparation of the root canal 

 

The cleaning and shaping of the root canals are essential in root canal 

treatment (RCT). Excessive forces and vibrations during the process 

may affect the endodontic file and result in the failure of the file. This 

chapter investigates force and vibration signals during the root canal's 

biomechanical preparation. The WaveOne Gold (WOG) and TwoShape 

(TS) endodontic files have been utilized for root canal preparation. An 

accelerometer and dynamometer have acquired the vibration and force 

signals, respectively. The signals are denoised employing db4 (SWT 

denoising 1-D) wavelet. After that, the statistical features are extracted 

from the raw and denoised signals. The denoised signals are utilized for 

the post-processing work. During RCT, the endodontic file severity 

levels are visualized through the FESEM analysis. Most often, failures 

are occurred by inadequate root canal instrumentation. The proper 

instrumentation and the optimal force have been utilized to prevent file 

failure. A curve-fitting regression model investigates the 

interdependency between force and vibration. A higher magnitude of 

vibration and force is generated during canal preparation due to 

overloading in the uneven morphology of the root canal. These 

vibrations and forces may initiate the fault in the endodontic file.  

 

4.1 Introduction   

One of the crucial steps in RCT is preparing the root canal structure [37]. 

The circumferential pressure of the canal facilitates the endodontic file 

to progressively remove the pulp and hard tissue from the root canal 

surface [7,135]. This circumferential pressure allows the abrasive 
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surface of the endodontic file to uniformly remove the layer of hard 

tissue from the entire root canal surface [136–138]. Thus, the designated 

root canal preparation method allows the tooth to reach the centre 

portion of the pulp with the help of an endodontic instrument to remove 

infected and decaying tissue [5]. Endodontic instruments play a 

significant role in root canal preparation [6]. These instruments are made 

up of nickel-titanium (NiTi) shape memory alloys that are flexible and 

possess super-elastic behaviour [104,105,107]. At the same time, a 

major limitation is the failure of endodontic files through cleaning and 

shaping. The endodontic file sometimes fractures, usually without any 

visual signal of degradation [139]. The fractured instrument develops 

the fragment in the canal, creating another task to remove this fragment. 

The consequences of these fractured instrument fragments influence the 

success rate of root canal treatment [140]. Thus, there is a need for early 

detection of such degradation during the initial phase of failure 

development. 

In the past, some approaches are used to predict the failure or fracture 

during root canal treatment. Most of the literature discussed 

fractographic analysis, optical micrographs, scanning electron 

microscopic images, etc., to figure out the failure initiation and cause in 

endodontic files. McGuigan et al. [141] reviewed the incidence and 

aetiology of endodontic file failure and analyzed the suggested 

prevention protocol. They also reported that endodontic files get 

fractured by torsional overload and flexural fatigue, generally occurring 

in the apical third of the root canal or with inappropriate use. Gerek et 

al. [142] evaluated the force required to remove fractured endodontic 

instruments from the vertical root using the ultrasonic tip. They 

compared the force with two groups, namely the control and 

experimental groups. They later reported that the control group had 

higher significance than the experimental group. Hof et al.  [143] 

explored the properties of the endodontic files and their application in 

the root canal. The authors also discussed that the vibration of the 

endodontic file and peripheral force allow hard tissue removal. They 
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concluded that repetitive use of endodontic files reduces their working 

efficiency, and efficient removal of pulp is not achieved. Tokita et al. 

[64] compared the two modes of reciprocating rotation with the 

continuous revolution in terms of apical force and torque during root 

canal preparation. Two different modes of reciprocating motion were, 

namely, time-dependent reciprocating rotation and torque-sensitive 

reciprocating rotation. They concluded that the reciprocating rational 

modes reduce stress and torsional fatigue [64]. Burklein et al. [144] 

prepared the straight root canal with the help of three different 

endodontic motors and handpieces. Subsequently, they evaluated the 

axial force and real-time dynamics torque during root canal treatment. 

They emphasized that rotatory endodontic motors do not provide 

significant results in clockwise and counter-clockwise peaks. However, 

manual preparation relatively showed significant peaks compared to 

rotatory instruments [144]. Nayak et al. [67] acquired the force and 

vibration signal experienced by endodontic files in the root canal 

treatment process. They predicted the fracture of the self-adjusting file 

by statistical analysis of force and vibration signals. 

Nickel-titanium (NiTi) endodontic instruments have significantly 

impacted root canal preparation [145,146]. These instruments have the 

potential to overcome the chances of failure and avoid fracture during 

canal preparation [140]. Mirceska and Popovsk [147] compared the 

various endodontic file systems to examine the accomplishment of 

endodontic treatment-retreatment. They concluded that the NiTi 

endodontic systems are better in terms of preservation of the form of the 

root canals [147]. At present, real-time measurement of the mechanical 

signals in the in-vitro operation has focused signal characteristics upon 

simulated model [73], endo turbine with handpiece [148], endodontic 

motor and handpiece [144] and endo motors with different motions [72]. 

A few of the literature deals with the force and vibration analysis in the 

simulated root canal with endo-training blocks [66,74], plastic blocks 

with curved canals [149], and simulated resin blocks [150] for obtaining 

uniform root canal geometry and uniform surface. These studies utilized 
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the simulated root canal with the help of endodontic blocks, which is not 

real-world practice. For more accurate and practical results, we 

conducted the root canal preparation on teeth extracted from human 

beings using the WaveOne Gold (WOG) and TwoShape (TS) files. 

Every human being has a different tooth structure; thus, root canaling 

also varies. This effect cannot be noticed in simulated root canal 

preparation. 

4.2 Material and methods 

4.2.1 Sample selection and preparation 

The human extracted teeth (30 samples) were provided by the College 

of Dental Science and Hospital Rau, Indore. Each of these extracted 

teeth had a different kind of root canal. For the selection and preparation 

of the teeth, the sample preparation process was followed, as shown in 

Fig 4.1. After receiving the human extracted teeth, then cleaned with the 

help of hydrogen peroxide (H2O2) solution. Followed by a mounting 

process in a specially designed mould prepared using cold setting 

material (a mixture of powder and liquid) as shown in Fig. 4.1. The 

tooth, once embedded into the mould was allowed to cool down to 

solidify so that the mould gains enough strength. After getting the 

moulded teeth samples, the biomechanical preparation was carried out. 

4.2.2 Root canal preparation 

Root canal preparation begins with the creation of an initial ditch using 

a round burr (Prime Dental Products Pvt Ltd.) in a high-speed airotor 

handpiece. Afterwards, root canal cavities are made through a straight 

burr (Prime Dental Products Pvt Ltd.). Subsequently, water irrigation 

was provided at regular intervals during root canal preparation [5], as 

shown in Fig. 4.2 (a).
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Figure 4.1 Process flow diagram of the sample preparation
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Irrigation is a significant part of canal preparation, which assists in 

removing the necrotic tissue and helps in the debridement of the root 

canal system [5,111,151,152]. The WaveOne Gold (WOG) and 

TwoShape (TS) endodontic files remove the smear layer and debris from 

the interior surface of the root canal dentin. The WOG and TS 

endodontic files are reciprocating and rotatory files, respectively. The 

WOG and TS endodontic file systems are manufactured by Dentsply 

(Dentsply Maillefer, Switzerland) and MicroMega (Besancon Cedex, 

France), respectively. The reciprocating WOG #25.07 file revolves at a 

speed of 300 rpm and torque of 5 N-cm, whereas the rotatory TS #25.04 

file which rotates at a speed of 250-400 rpm and torque of 2 N-cm. The 

endodontic file was coupled with the endo-motor X-SMART PLUS 

(Dentsply Maillefer, Switzerland, imported & marketed by Dentsply 

India Pvt. Ltd). The endodontic file systems were used with 

reciprocating and rotary motion as per the user manual.

4.3 Experimental setup and data acquisition 

After the biomechanical preparation of the root canal, the experimental 

setup, as shown in Fig. 4.2, was used to acquire the force and vibration 

signals. Initially, the prepared tooth sample was gripped in an alloy vice 

which was mounted over the Kistler dynamometer (Kistler Group, 

Winterthur, Switzerland). The vice provided rigid support during the 

experimentation process to prevent the sample's movement, as shown in 

Fig. 4.2. A tri-axial accelerometer (PCB Piezotronics Inc., Depew, New 

York) was used for the vibration acquisition. The accelerometer was 

placed adjacent to the mounted tooth sample on the vice, as shown in 

Fig. 4.2 (a) and 4.2 (b). The sensitivity of the highly sensitive ceramic 

shear ICP® accelerometer is (±10%) 100 mV/g or (10.2 mV/(m/s²)) and 

the measurement range is ± 50 g pk (±490 m/s² pk). The dynamometer 

measures the force up to 10 kN and sensitivity: ≈ -7.5 pC/N (Fx, Fy) and 

≈ -3.5 pC/N (Fz). The accelerometer and dynamometer were directly 

connected to the data acquisition (DAQ) system (OROS SA, Grenoble, 

France). Force signals were sampled at 7.1 kHz, and vibration signals at 
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51.2 kHz [67,74]. The accelerometer and dynamometer were connected 

to the data acquisition system. DAQ system was connected to the 

desktop and laptop for transferring the data. The signals were visualized 

and processed in MATLAB software (MathWorks, MA, USA). The 

reciprocating and rotary file system used WaveOne Gold (WOG) and 

TwoShape (TS) endodontic files for the RCT. A highly experienced 

practitioner has prepared the root canal. This study used a new WOG 

and TS file for each tooth sample and distilled water for irrigation during 

this process. 

Figure 4.2 (a) Experimental setup for root canal cleaning and shaping 

(b) Schematic diagram for root canal cleaning and shaping 
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Initially, a glide path is prepared using #10 and #15 endodontic hand-

driven K-files [153,154] to establish the length of the canal, followed by 

verifying the glide path [153]. The WOG and TS files cleaned and 

shaped the canal based on the manufacturer's instructions. 

4.4 Components and accessories used in RCT 

experimental setup 

The experimental root canal system comprises a Dentsply endo-motor 

for providing the source for utilizing the endodontic instruments. It was 

a suitable power-driving device for delivering the input energy as the 

RCT system's output. A dynamometer and triaxial accelerometer were 

used throughout the RCT to capture the force and vibration signals. The 

DAQ is employed to acquire the signals. Following are the main 

components and accessories which are used for RCT experimental 

works are discussed below. 

4.4.1 Endo-motor and control unit 

The X-SMART Plus endo-motor is an endodontic micromotor used to 

drive NiTi motor-driven instruments, as shown in Fig. 4.3. Experienced 

dental professionals who are doing endodontic or RCT procedures 

utilize this motor. The endo-motor maintains classic features like the 

compact contra-angle head and the on/off switch on the motorized 

handpiece while enhancing the user interface. The endo motor control 

unit works as rated input direct current 18𝑉, 0.5𝐴, torque range between 

0.6 − 4 𝑁𝑐𝑚, and a speed range between 250 − 1200 𝑟𝑝𝑚. The motor 

is capable of both reciprocating and continuous action. It features a few 

free programs for customized configurations in addition to pre-

programmed settings for different endodontic files system. 
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Figure 4.3 Illustrative diagram of RCT endo motor with control unit 

4.4.2 Dynamometer unit 

A three-component force measurement device known as a dynamometer 

is used to measure the force. This sensor unit consists of a dynamometer 

(type 9257B), charge amplifier (type 5080A), and DAQ system (type 

5697A1), respectively. The Kistler produces the whole component 

setup, as shown in Fig. 4.4. The tooth mounted RCT setup is placed over 

the dynamometer. The dynamometer is connected through the charge 

amplifier, which is directly attached to the DAQ system. This sensor is 

stable and reliable and has excellent rigidity, consequently, higher 

natural frequency. Due to its good resolution, it is possible to measure 

even minor dynamic changes in force signals. 

 

Figure 4.4 Major components and accessories of the dynamometer 

 

Control unit 

Motor hand piece with  

cable and connector 

Contra-angle 

Endodontic file 
Stand  

Dynamometer 

Type 9257B 
DAQ System 

Type 5697A1 
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4.4.3 Accelerometer unit 

A piezoelectric ICP-based tri-axial accelerometer (Model 356A26) is 

used in this research work, as shown in Fig. 4.5. The accelerometer is 

manufactured by PCB Piezotronics Inc., Depew, New York. A highly 

sensitive sensor termed an ICP accelerometer produces an electrical 

output in proportion to an applied acceleration. It can be used for a wide 

range of applications to monitor vibration and shock. The sensor is 

connected to the DAQ system to record the signals. 

Figure 4.5 Major components and accessories of the accelerometer 

4.5 Field-emission scanning electron microscopy 

(FESEM) analysis 

The failure surface of the reciprocating endodontic file system was 

investigated under field-emission scanning electron microscopy 

(FESEM) (JOEL, JOEL Ltd. Musashino, Akishima, Tokyo, JAPAN). 

The tip of the healthy endodontic file was clean and sharp during the 

initial process of the root canal preparation, as shown in Fig. 4.6 (a). 

After that, wear edges and irregularities were observed in the endodontic 

file. Some debris and smear substances remain on the cutting edge of 

the endodontic file that was visible on the endodontic file surface, as 

shown in Fig. 4.6 (b) [155,156].  

The failure initiation and overload fast failure zone on the surface has 

been observed in Fig. 4.6 (c), and from the tip of the endodontic file, the 

thin surface film has been chipping out, as shown in Fig. 4.6 (c) 

[106,157,158]. After the canal preparation, the file was blunt, and the 

edge was disrupted. A crack along the grooves on the surface of the 

Accelerometer 

Model 356A26  

DAQ System 

(OROS) 
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endodontic instruments is initiated, as shown in Fig. 4.6 (d) [137]. 

FESEM analysis was employed to observe the levels of severity of 

endodontic files during the root canal preparation, as shown in Fig. 4.6. 

FESEM was used for the high-resolution imaging of endodontic files 

before and after the root canal cleaning and shaping. The FESEM uses 

the electron source for imaging, even though an optical microscope uses 

a visible light source. The advantages of FESEM over optical 

microscopy include much higher magnification, depth of focus, and 

greater depth of field up to 100 times that of an optical microscope [158–

160]. 

 

 

Figure 4.6 FESEM micrograph of endodontic files according to the 

conditions of their severity (a) healthy file, (c) incipient, (b) moderate, 

and (d) severe condition 
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4.6 Force and vibration signal of endodontic files 

system 

Force and vibration data were represented as time responses. The 

amplitude of both force and vibration generated in root canaling by the 

endomotor using primary reciprocating and rotary endodontic 

instruments are shown in Fig. 4.7, and 4.8. The tri-axial accelerometer 

and dynamometer utilized to acquire the signal from x, y, and z-

direction. The z-direction signal was used to carry out the works, which 

corresponds to the vertical movement that would be significant for this 

study. The z-direction signal was the most important or informative 

when considering all three directions of signals. Signal denoising was 

used to remove unwanted noise from the acquired signal. In this 

proposed study, a wavelet-based approach has been used to denoise the 

force and vibration signals. Stationary wavelet transform (SWT) 

denoising with the db4 mother wavelet method was employed. The 

denoised vibration and force data were presented in Fig. 4.9 and 4.10. It 

is well noted that the endodontic signals contain useful information in 

low-frequency regions and thus, there is a requirement to filter out the 

high-frequency noise from the signal. Stationary Wavelet Transform 

(SWT) can characterise local time-frequency with multi-resolution 

analysis. Thus, SWT is suited for denoising endodontic signals as it 

separates the noise in the high-level frequency components while 

keeping the signal information in the low-level frequency components. 

Additionally, SWT prevents distortion or shifting of the signal during 

denoising. Compared to conventional denoising methods like Fourier 

transform (FT), empirical mode decomposition (EMD), wavelet packet 

transforms (WPT) etc., stationary wavelet transform denoising is a 

powerful method for removing noise from signals, as it is adaptive, 

efficient, and can retain important signal features. It was evident from 

the responses that as the force increases, the maximum amplitude of the 

vibration also increases. Some of the previous authors [66,67,74,161] 

have reported the same observation as observed in this study. 
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Figure 4.7 (a) Force signal of the WOG healthy file, (b) Force signal 

of the WOG unhealthy file, (c) Vibration signal of the WOG healthy 

file, (d) Vibration signal of the WOG unhealthy file                                          

Figure 4.8 (a) Force signal of the TS healthy file, (b) Force signal of 

the TS unhealthy file, (c) Vibration signal of the TS healthy file, (d) 

Vibration signal of the TS unhealthy file 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 
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Figure 4.9 (a) Force signal of WOG file (raw signal), (b) Force signal 

of WOG file (denoised signal), (c) Vibration signal of WOG file (raw 

signal), (d) Vibration signal of WOG file (denoised signal) 

 

Figure 4.10 (a) Force signal of TS file (raw signal), (b) Force signal of 

TS file (denoised signal), (c) Vibration signal of TS file (raw signal), (d) 

Vibration signal of TS file (denoised signal) 

(a) (b) 

(c) (d) 
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4.6.1 Statistical feature extraction 

Some well known statistical features like mean, standard deviation, root 

mean square, kurtosis, skewness, crest factor, clearance indicator, shape 

indicator, impulse indicator, etc., were used in literature to correlate the 

force and vibration signals [162–164]. In the present study, features like 

root mean square, kurtosis, maximum and minimum value of signals 

have been extracted from the raw signal and denoised signals. 

(i) Maximum amplitude: It is the maximum value attained by any 

signal. 

 

(ii) Minimum amplitude:  It is the minimum value attained by any 

signal. 

 

(iii) Root Mean Square (RMS): RMS is the square root of the 

arithmetic mean of the squares of the signal. 

𝑅𝑀𝑆 = √
1

𝑛
(𝑥1

2 + 𝑥2
2 + ⋯ + 𝑥𝑛

2)              (4.1) 

(iv)  Kurtosis: Kurtosis, the word coming from the greek word 

'kurtosis', means 'curve'. It measures the flatness of the curve 

with respect to the normal distribution. 

𝐾𝑢𝑟𝑡𝑜𝑠𝑖𝑠 =  
∑ 𝑥𝑖

𝑛
𝑖=0

𝜎4                 (4.2) 

 

4.6.2 Curve fitting model 

In curve fitting, the least squares method is used when fitting the data. 

This requires a parametric model that relates the predictor data from the 

response data with one or more coefficients. The outcome of the curve-

fitting model is an estimate of the model coefficients [165,166]. A 

MATLAB-based curve-fitting regression model was employed for raw 

and denoised signals to analyze the relationship between force and 

vibration signals during root canal preparation. This model used the 

robust least square data fitting technique with the least absolute residuals 

method that minimizes the absolute difference of the residuals. The end 

of the process gives the result as a model coefficient (with 95% 

confidence), known as a regression coefficient, denoted by 'R-squared' 
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or 𝑅2. The curve-fitting regression model gives the relation between the 

force and vibration variables. In the curve fitting model, R-squared 

statistically evaluates how close the data are to the fitted regression line 

and the goodness-of-fit that measured the linear regression model. In the 

curve fitting model, R-squared represented the strength of the 

relationship between the model concerning the data on a convenient 0 to 

100% scale. 

The least squares method was adapted to fit the data using a curve-fitting 

regression model. The model coefficient estimated the output of the 

curve fitting method, i.e., regression coefficient, represented by R-

square. The present study determines the regression coefficient between 

force and vibration using Eq. 4.3 [167].  

If the arbitrary function 𝑉 = 𝑃(𝐹) is used to characterize the data, 

The characterization error is given by 

 𝐸𝑖 = 𝑃(𝐹𝑖) − 𝑉𝑖, for i = 1, 2, . . . . . . n. 

where, 𝑉𝑖,, = Data value 

            𝑉 = Obtained from the function 𝑃(𝐹𝑖)   

The least-square conditions used to fit the function 𝑃(𝐹) is given by Eq. 

4.3,  

𝑅2(%) = (1 −
𝐴

𝐵
) × 100             (4.3) 

where, 𝐴 = ∑ [𝑃(𝐹𝑖) − 𝑉𝑖]
2𝑛

𝑖=1
,  𝐴 is the sum of the square of the 

residuals, 

𝐵 = ∑ [𝑃(𝑉𝑖) − 𝑉̅]2𝑛

𝑖=1
, 𝐵 is the sum of the square of the 𝑉 

value from their mean. 

4.7 Results 

4.7.1 Curve fitting of raw signals 

The output of linearly fitted data points of raw signals with maximum 

values of force and vibration is shown in Fig. 4.11 (a) and 4.12 (a) for 

WOG and TS files, respectively. Similarly, Fig. 4.11 (b) and 4.12 (b) 

show the results for minimum force values concerning the minimum 

value of vibration. The variation in RMS values of force with respect to 



73 
 

vibration for a linearly fitted model is shown in Fig. 4.11 (c) and Fig 

4.12 (c). Further, variation in the kurtosis value of force concerning 

vibration for a linearly fitted model is shown in Fig. 4.11 (d) and 4.12 

(d). From these obtained R-squared values, it can be inferred that the 

linearly fitted RMS model has a good strength of the relationship 

between force and vibration. The highest correlation value of RMS may 

be the reason for material dislodging during RCT and the transfer of 

vibration from the handpiece [74,161,168]. During RCT, a higher 

amount of force may cause the failure of the endodontic file. In each 

reciprocating motion, the endodontic file dislodges and erosion the root 

canal material. After some time, the file blunts due to continuous drilling 

inside the root canal. After specific usage, the endodontic file erodes the 

root canal material and causes vibration. The same is confirmed as the 

calculated R-squared value for this case is 0.90, which is the highest 

among them. 
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Figure 4.11 Linear relationship between force and vibration for WOG 

raw data signal of curve fitting model (a) maximum, (b) minimum, (c) 

root mean square, (d) kurtosis  

(a) 

(b) 

(c) 

(d) 
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Figure 4.12 Linear relationship between force and vibration for TS raw 

data signal of curve fitting model (a) maximum, (b) minimum, (c) root 

mean square, (d) kurtosis 

 

 

 

(a) 

(b) 

(c) 

(d) 
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4.7.2 Curve fitting of denoised signal 

Fig. 4.13 (a) and 4.14 (a) represent the output of linearly fitted data 

points of denoised signals with maximum values of force and vibration 

for WOG and TS files, respectively. Similarly, the outputs for minimum 

values of force with respect to the minimum value of vibration are 

shown in Fig. 4.13 (b) and 4.14 (b). The variation in RMS values of 

force and vibration for a linearly fitted model is shown in Fig. 4.13 (c) 

and 4.14 (c) for WOG and TS files, respectively. In contrast, variation 

in kurtosis of force with respect to kurtosis of vibration for a linearly 

fitted model is shown in Fig. 4.13 (d) and 4.14 (d). By visually 

inspecting all the obtained plots, it was observed that most of the data 

points are either lying on the linearly fitted line or in close vicinity, i.e., 

fewer data points amounted to be called outliers. The mathematical 

observation adheres to this. Therefore, the R-squared value is highest in 

Fig. 4.13 (a) and 4.14 (b). Model statistical measures the R2 value in the 

raw and denoised signal of vibration and force explain collectively, as 

shown in Table 4.1 for both WOG and TS endodontic files. The 

methodology adopted for this study is shown in Fig. 4.15. Sample values 

of extracted features for force and vibration signals of both WOG and 

TS endodontic files are mentioned in Tables 4.2 and 4.3. 

(a) 

(b) 
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Figure 4.13 Linear relationship between force and vibration for WOG 

denoised data signal of curve fitting model (a) maximum, (b) minimum, 

(c) root mean square, (d) kurtosis 

 

 

(c) 

(d) 

(a) 

(b) 
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Figure 4.14 Linear relationship between force and vibration for TS 

denoised data signal of curve fitting model (a) maximum, (b) minimum, 

(c) root mean square, (d) kurtosis 

Table 4.1 Comparison of the R2 value of WOG and TS endodontic file 

from the different features in curve fitting regression model 

 

Sr. 

No 

Feature R2 value (%) 

(WOG file) 

R2 value (%) 

(TS file) 

  Raw 

signal 

Denoised 

signal  

Raw 

signal 

Denoised 

signal 

1 Maximum 69.63 92.25 42.21 89.85 

2 Minimum 47.05 88.93 50.54 89.25 

3 Root mean square 90.10 90.10 89.10 89.47 

4 Kurtosis 88.31 88.45 86.89 88.66 

(d) 

(c) 
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Figure 4.15 Methodology adopted for force and vibration analysis in 

reciprocating endodontic files system during root canal cleaning and 

shaping 
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Table 4.2 Samples values of extracted features for force and vibration signals of the WOG file 

Sr. 

No. 

Force (N) Vibration (mm/s2) 

Raw data Denoised data Raw data Denoised data 

 Max Min RMS Kurtosis Max Min RMS Kurtosis Max Min RMS Kurtosis Max Min RMS Kurtosis 

1 2.11 0.34 1.05 2.74 1.43 0.66 1.04 2.09 72.59 -71.44 0.88 840.40 47.05 -51.34 0.43 4010.14 

2 1.83 0.31 1.10 2.73 1.49 0.65 1.09 2.35 58.44 -55.50 0.73 738.24 53.29 -49.13 0.50 3460.19 

3 2.96 -0.67 1.08 5.92 1.48 0.62 1.08 2.44 189.52 -214.78 5.39 354.86 181.07 -191.94 5.26 330.05 

4 2.38 0.12 1.21 3.01 1.67 0.68 1.21 2.50 191.25 -171.79 2.72 870.15 182.08 -164.10 3.10 731.11 

5 2.01 0.37 1.14 2.74 1.51 0.65 1.13 2.28 42.89 -41.94 0.71 185.34 32.74 -31.49 0.33 1540.83 

6 2.29 -0.49 0.97 3.76 1.57 0.21 0.95 2.90 140.06 -136.16 1.75 576.67 132.81 -130.01 1.24 2868.60 

7 2.47 -0.73 0.95 3.23 1.62 -0.14 0.93 3.04 112.88 -130.32 2.30 464.23 107.33 -123.17 2.21 647.67 

8 1.92 0.27 1.11 2.68 1.52 0.69 1.11 2.22 19.53 -16.97 0.68 94.90 7.85 -7.34 0.24 278.37 

9 1.71 0.06 0.97 2.81 1.37 0.39 0.96 2.58 28.86 -31.53 0.60 115.68 22.07 -25.82 0.21 2440.04 

10 2.20 -0.03 1.10 2.90 1.42 0.72 1.09 2.02 170.72 -137.12 2.05 1847.66 162.20 -131.38 2.37 1368.98 

11 1.50 0.37 0.96 3.04 1.20 0.71 0.95 2.33 13.90 -16.08 0.47 62.54 8.62 -10.67 0.11 3112.35 

12 1.53 0.37 0.96 3.03 1.15 0.75 0.96 2.02 38.31 -32.87 0.59 677.37 29.36 -25.32 0.46 1084.35 

13 1.62 0.40 0.99 3.06 1.20 0.74 0.99 2.25 21.36 -32.00 0.45 296.22 17.67 -24.38 0.19 3404.56 

14 1.59 0.27 0.98 3.03 1.23 0.70 0.97 2.45 40.51 -41.48 0.48 1196.83 33.83 -34.47 0.32 5202.74 

15 1.62 0.24 0.92 2.99 1.11 0.71 0.92 1.95 4.68 -4.28 0.18 32.83 0.04 -0.05 0.01 3.45 
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Sr. 

No. 

Force (N) Vibration (mm/s2) 

Raw data Denoised data Raw data Denoised data 

 Max Min RMS Kurtosis Max Min RMS Kurtosis Max Min RMS Kurtosis Max Min RMS Kurtosis 

16 1.83 0.24 1.06 3.02 1.29 0.77 1.05 2.43 46.98 -46.60 0.68 1176.47 39.30 -44.11 0.59 1777.52 

17 1.77 0.21 1.03 3.13 1.29 0.77 1.02 2.39 33.70 -42.74 0.76 227.42 28.18 -36.62 0.46 996.86 

18 2.20 0.34 1.16 3.31 1.63 0.66 1.15 2.84 34.14 -32.27 0.72 128.15 16.19 -10.55 0.16 1510.82 

19 2.32 -0.55 0.80 3.86 1.13 0.41 0.80 2.76 51.43 -47.72 1.14 310.55 0.10 -0.08 0.01 4.92 

20 1.34 0.06 0.69 3.09 0.91 0.45 0.69 2.43 3.31 -3.41 0.20 21.03 0.10 -0.08 0.01 4.92 

21 2.01 0.09 1.10 3.10 1.37 0.76 1.09 2.55 62.31 -68.03 0.94 1265.87 55.55 -61.75 0.85 1501.59 

22 1.77 0.09 0.98 3.02 1.53 0.42 0.97 2.99 30.43 -38.12 0.68 160.89 22.49 -29.49 0.28 2201.88 

23 1.53 0.37 0.96 3.03 1.15 0.75 0.96 2.02 39.03 -42.80 1.10 222.74 35.72 -38.50 0.73 589.56 

24 1.53 0.37 0.96 3.03 1.15 0.75 0.96 2.02 6.88 -7.35 0.17 75.12 2.31 -2.45 0.01 10858.62 

25 1.46 0.18 0.89 3.00 1.09 0.61 0.88 2.27 5.30 -5.97 0.21 28.70 2.24 -2.31 0.02 3550.86 

26 1.53 0.31 0.89 2.99 1.20 0.71 0.97 2.45 19.52 -27.10 0.51 142.06 13.46 -19.61 0.17 2639.34 

27 1.59 0.24 0.89 3.05 1.14 0.66 0.88 2.35 4.44 -5.76 0.29 20.48 0.25 -0.28 0.02 4.80 

28 1.46 0.15 0.91 2.92 1.13 0.69 0.90 2.02 4.84 -4.80 0.21 15.67 1.05 -1.13 0.02 599.72 

29 3.05 -0.82 1.05 7.51 1.13 0.69 0.90 2.02 141.77 -141.63 2.22 746.50 93.49 -102.68 1.47 1142.29 

30 1.46 0.15 0.80 3.05 1.09 0.52 0.79 2.43 9.35 -10.05 0.42 60.61 3.74 -4.51 0.06 797.33 
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Table 4.3 Samples values of extracted features for force and vibration signals of TS file 

Sr. 

No. 

Force (N) Vibration (mm/s2) 

Raw data Denoised data Raw data Denoised data 

 Max Min RMS Kurtosis Max Min RMS Kurtosis Max Min RMS Kurtosis Max Min RMS Kurtosis 

1 2.29 -0.18 0.94 2.74 1.46 0.47 0.93 2.29 121.34 -92.33 1.29 28.33 114.39 -85.19 1.06 3.92 

2 1.77 -0.12 1.04 2.83 1.53 0.38 1.03 2.64 129.38 -113.49 1.63 10.73 119.29 -107.63 1.42 4.21 

3 2.44 0.27 1.12 2.72 1.67 0.57 1.12 2.49 40.04 -49.67 0.67 25.12 34.90 -42.64 0.49 5.54 

4 2.20 0.00 0.99 2.82 1.57 0.38 0.99 2.60 44.99 -43.63 1.17 20.16 41.04 -38.95 0.87 28.40 

5 2.23 -0.92 0.81 2.96 1.24 -0.06 0.80 2.47 96.44 -107.04 0.68 18.57 92.02 -103.83 0.60 18.04 

6 2.14 -0.46 1.01 2.91 1.41 0.50 1.00 2.26 11.92 -14.57 0.17 49.63 5.66 -7.59 0.04 3.27 

7 1.92 0.43 1.17 2.67 1.58 0.70 1.16 2.32 8.25 -4.54 0.12 38.24 1.68 -1.15 0.02 42.28 

8 1.80 0.18 0.99 2.67 1.38 0.50 0.98 2.33 16.79 -15.66 0.15 61.79 11.41 -9.73 0.06 905.77 

9 1.62 0.06 0.88 2.72 1.36 0.32 0.87 2.42 42.74 -47.74 0.49 20.54 35.37 -37.61 0.34 9.77 

10 1.68 -0.34 0.83 2.74 1.28 0.25 0.82 2.31 41.59 -49.53 0.49 40.42 32.16 -39.91 0.35 5.45 

11 1.40 0.31 0.82 3.11 1.04 0.57 0.81 2.61 15.39 -14.15 0.30 12.21 11.76 -9.95 0.13 4.33 

12 1.59 0.31 0.92 3.22 1.17 0.73 0.92 3.85 5.71 -6.84 0.17 18.18 1.94 -1.83 0.06 4.72 

13 1.46 0.06 0.80 3.29 0.94 0.66 0.79 2.74 8.80 -8.96 0.23 31.72 3.39 -4.77 0.08 4.44 

14 1.31 0.34 0.81 3.16 1.01 0.64 0.81 3.40 1.65 -1.66 0.13 207.91 0.14 -0.11 0.02 22.68 

15 1.50 0.31 0.89 2.94 1.17 0.64 0.88 2.34 3.05 -2.64 0.14 136.25 0.65 -0.73 0.03 748.32 
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Sr. 

No. 

Force (N) Vibration (mm/s2) 

Raw data Denoised data  Raw data 

 Max Min RMS Kurtosis Max Min RMS Kurtosis Max Min RMS Kurtosis Max Min RMS Kurtosis 

16 1.40 0.37 0.86 3.10 1.04 0.70 0.86 2.80 3.97 -3.79 0.14 24.11 2.29 -2.27 0.04 18.68 

17 1.46 0.24 0.79 3.22 1.00 0.60 0.78 3.15 5.21 -3.72 0.09 13.56 0.32 -0.34 0.01 3.54 

18 1.34 0.24 0.85 3.05 1.04 0.64 0.85 2.64 2.04 -2.43 0.10 229.98 0.15 -0.20 0.02 479.28 

19 1.37 0.27 0.87 3.07 1.06 0.69 0.87 2.44 2.44 -1.86 0.15 173.01 0.16 -0.14 0.02 106.51 

20 1.46 0.27 0.91 3.10 1.11 0.72 0.90 2.78 2.02 -2.00 0.17 450.51 0.16 -0.17 0.03 2098.92 

21 1.37 0.21 0.74 3.26 1.01 0.58 0.74 3.32 2.13 -2.78 0.10 1247.45 0.20 -0.19 0.03 3652.71 

22 1.34 0.27 0.85 3.12 1.09 0.65 0.85 3.19 3.06 -2.74 0.14 1607.46 0.34 -0.40 0.02 4932.09 

23 1.53 0.37 0.94 3.08 1.19 0.68 0.94 2.88 4.52 -4.76 0.14 1247.45 2.32 -2.04 0.03 10009.28 

24 1.37 0.15 0.79 3.20 0.97 0.53 0.79 3.22 2.63 -2.88 0.11 248.05 0.95 -0.86 0.05 1216.02 

25 1.19 -0.03 0.64 3.02 0.86 0.35 0.63 2.44 2.38 -2.20 0.09 731.34 0.11 -0.10 0.02 8500.31 

26 1.40 0.21 0.82 3.12 1.09 0.53 0.81 3.03 2.91 -2.54 0.12 1346.88 0.73 -0.66 0.03 9504.95 

27 1.46 0.34 0.92 3.05 1.21 0.68 0.91 2.94 3.24 -3.59 0.20 344.27 0.75 -0.84 0.04 589.87 

28 1.50 0.37 0.90 3.00 1.18 0.68 0.90 2.62 3.07 -3.12 0.14 1359.19 0.28 -0.36 0.04 2449.15 

29 1.37 0.21 0.84 3.09 1.03 0.66 0.83 2.79 1.86 -2.21 0.19 1388.34 0.16 -0.16 0.02 1774.22 

30 1.59 0.37 0.99 3.12 1.20 0.75 0.99 3.19 2.73 -2.54 0.10 1731.70 0.19 -0.18 0.02 2372.72 
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4.8 Discussion 

The in-vitro experimental setup gives the real explorer of the root canal 

shaping during the RCT. Most of the authors used the J-shaped, L-

shaped and S-shaped simulated root canal to evaluate and analyze the 

RCT signals [67,74,149,150,161,169]. The simulated root canal does 

not provide the actual behaviour of the root canal because they have used 

either a curve or a straight root canal, but the root canal in humans varies 

from patient to patient. However, human extracted tooth provides the 

actual behaviour of the root canal because of the distinct morphology of 

the canal. 

The biomechanical preparation of the root canal system is recognized as 

the most crucial stage of root canal treatment. This process consists of 

three steps: access opening, cleaning and shaping, and obturation. These 

steps are equally crucial for the ultimate success of the procedure. 

However, this in-vitro experimentation study uses only access opening, 

cleaning, and shaping. Many practitioners consider pulp removal as the 

only objective of RCT and consider dentine removal unnecessary [170]. 

Due to this misconception, there is a significant failure rate for RCT 

[170]. Bacteria are present in dentinal tubules, which produce bacterial 

toxins. These toxins were causing the problem of peri-apical disease. 

These bacteria mostly affect the non-vital teeth. Even after the clean 

shaving cannot ensure that the infected dentine was removed completely 

[37,170]. Hence, removing inflamed and infected dentin is essential. 

Thus, RCT is necessary for disinfecting the root canal system. 

During the acquisition of the signal, some noise in the signal was also 

recorded. A stationary wavelet transform algorithm was employed for 

smoothing these signals using the specified lowpass and highpass 

wavelet decomposition filters. The signals proceeded to each level's 

appropriate lowpass and highpass filters to produce the two sequences 

to the next level [171,172]. Each wavelet transform step applied the 

scaling function to the raw signal. The wavelet transform step applied 

the scaling function to calculate the denoised signal. The smoother 

signal was stored in the lower half of the raw signal [171,173]. While 
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denoising, the R2 value of WOG and TS endodontic signals are obtained 

using curve fitting with different features and compared with the 

R2 value of the raw signal. It is observed that essential signal 

information remained unchanged, whereas the regression value gets 

enhanced. Several studies have compared the efficiency of SWT with 

various denoising techniques for vibration signals, including Fourier 

transform (FT), empirical mode decomposition (EMD), wavelet packet 

transform (WPT), etc. Zhang et al. [174] and Wang et al. [175] evaluated 

the efficacy of SWT, EMD, DWT, and WPT in denoising a rolling 

bearing vibration signal. Based on evaluations of the feature, the study 

discovered that SWT was the most efficient technique for reducing noise 

while maintaining the signal's properties [174–176]. Likewise, Vafaeian 

et al. [177]  investigated the SWT, Fourier transform, and EMD methods 

for denoising vibration signals deriving from gear faults. Based on SNR, 

RMSE, and kurtosis measurements, the study discovered that SWT was 

the most efficient technique for reducing noise while maintaining the 

signal's characteristics. 

In this work, Fig. 4.11 (c) and 4.12 (c) show that the RMS of the force 

and vibration in the curve fitting is closely fitted to the regression line. 

The maximum RMS of WOG and TS endodontic file observed in Fig. 

4.11 (c), and 4.12 (c), because of the transfer of vibration from the 

handpiece [168] and may be the cause of material dislodging [74]. Fig. 

4.13 (a) and 4.14 (a) observed the maximum regression value compared 

to the three remaining features. In contrast to the kinematics, the WOG 

has a higher incremental taper and tip diameter than the TS1 or TS2, 

allowing for a greater cut depth at the same feed rate. The deeper cut 

increases cutting force and causes more vibration excitations in WOG. 

The vibration isolation of the root canal instruments is challenging [74]. 

For the perfection of the endodontic instrument or root canal 

instruments, researchers are still working, nevertheless need to address 

the problem of vibration and force initiation. 

From the clinical significance point of view, in most cases, the fracture 

occurred due to procedural error and inappropriate instrumentation 

during the RCT [178]. Failure of the endodontic instruments is the cause 



86 
 

of root canal therapy, which increases undesirable negative 

consequences like ledge formation, blockages, and perforation [179]. 

The ledge formation is the iatrogenically created irregularity that 

obstructs the access of the instrument to the apex, resulting in 

insufficient or incorrect instrumentation of the root canal [27]. The 

packing of the tissue debris caused the blockage of the canal due to 

improper procedure, and it can be prevented by appropriate parameters 

of the root canal preparation [27]. The perforation may occur during 

access cavities preparation and internal resorption into peri-radicular 

tissue [28] and can be prevented using the optimum parameters during 

RCT. These complications have been recognized as the improper 

concepts of the shaping and cleaning of the root canal [179]. To avoid 

unfortunate occurrences, procedural accidents, and endodontic mishaps, 

Jafarzadeh et al. suggested using the optimum instruments driving 

parameter during cleaning and shaping [179]. The practitioner used the 

most important parameter, such as force, to use the access amount of 

force during the instrumentation. Due to these, chances of increasing the 

amplitude of vibration which cause the instrument to fail. 

The root canal experimentation process proceeded with high experience 

and well-trained dentists. Each root canal was cleaned using the new 

endodontic file for data recording. This would help to avoid errors 

during the acquisition of the signal. Considering it is the analysis of force 

and vibration during the biomechanical preparation of the canal. Hence, 

distinct morphological human extracted teeth were used to study the 

actual behaviour of the signal and drilling condition for the NiTi alloy 

endodontic instrument.  

4.9 Conclusions 

In this experimental study, root canal preparation was carried out using 

the reciprocating and rotary endodontic file system. The effect of the 

force and vibration on healthy and unhealthy endodontic files has been 

studied. A linear relationship was established between acquired force 

and vibration signals during root canal preparation using a curve-fitting 
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regression model for raw and denoised signals. The following key 

conclusion can be drawn from this study:  

• In biomechanical preparation during root canal treatment, it was 

observed that as the force increases, consequently, the amplitude 

of vibration also increases by a significant amount. A higher 

magnitude of vibration and force amounted to the root canal 

preparation using failed endodontic files because of overloading 

in uneven morphology of the root canal. 

• The FESEM of the endodontic files shows that as the file's health 

condition deviates, the edges wear out, and chips are formed at 

the surfaces. These debris and chips can remain embedded in the 

tooth when root canalling is done with these files. Also, the blunt 

files lose their sharpened tip and thus need higher force for the 

canaling operation, which can adversely affect the human tooth.  

• The importance of denoising was observed in the regression 

analysis; the denoised signals established a good association 

between force and vibration. Thus, noise removal from raw data 

was recommended. The best R2 values for WOG and TS 

endodontic files found for root mean square values with raw 

signals were 90.1%, and 89.1%, respectively. In comparison, 

92.25% and 89.85% for WOG and TS endodontic file correlation 

were established for the maximum values of the denoised 

signals. 

This chapter presents the curve fitting method for analyzing force and 

vibration signals in endodontic files during root canal treatment. The 

statistical features of the vibration and force signals followed by the 

curve-fitting to establish the relationship between them. It helps identify 

the endodontic file's health with the fitted R2 value. The results conveyed 

that the denoised signal established a decent association between 

vibration and force signal. The raw signal obtained the best regression 

with RMS value, whereas for the denoised signal best correlation was 

established for the maximum value.  
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In the subsequent chapter, fault diagnosis of the endodontic instruments 

during biomechanical preparation of the root canal has been carried out. 

Additionally, the effect of oversampling on the performance of force 

signals during RCT is investigated. 
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Chapter 5 

The implication of oversampling and fault 

diagnosis of endodontic instruments during 

RCT 

 

This chapter provides an innovative approach for fault diagnosis of an 

endodontic instrument during root canal therapy (RCT). An endodontic 

instrument may sometimes fail for reasons beyond the dentist's control. 

A thorough evaluation and decision-support system for an endodontist 

may prevent failures. This work suggests a machine learning and 

artificial intelligence-based method for evaluating the health of an 

endodontic instrument. With the help of a dynamometer, force signals 

are acquired during the RCT, and statistical features are retrieved from 

the obtained signals. Oversampling of datasets is necessary to prevent 

bias and overfitting because there are fewer instances of the minority 

class (i.e., failure/moderate class). In order to improve the minority 

class, the synthetic minority oversampling technique (SMOTE) is used. 

Additionally, the performance of machine learning techniques, such as 

Gaussian Naïve Bayes (GNB), quadratic support vector machine 

(QSVM), fine k-nearest neighbor (FKNN), and ensemble bagged tree 

(EBT) is assessed. Comparatively, the EBT model performs significantly 

superior to the GNB, QSVM, and FKNN. Machine learning algorithms 

can accurately diagnose the endodontic instrument's faults by 

monitoring the force signals. The EBT and FKNN classifiers are trained 

exceptionally well, with an area under the receiver operating 

characteristic curve of 1.0 and 0.99, respectively. Machine learning 

(ML) can improve treatment and improve RCT results. This work uses 

ML methodologies for fault diagnosis of endodontic instruments, 

providing practitioners with an adequate decision support system. 
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5.1 Introduction  

One of the critical procedures in endodontics is the biomechanical 

preparation of root canal structure [37]. This process includes the access 

opening, cleaning, and shaping of canals. Endodontic treatment aims to 

remove unwanted smears and debris from the surface of a root canal's 

inner portion using an endodontic file [7,8]. The endodontic file or 

instruments are essential for removing decay and contaminated tissues 

from the root canal. These instruments are made of Nitinol (NiTi) alloys, 

commonly known as shape memory alloys, which are super-elastic and 

flexible [32,105,116]. The endodontic instrument may fracture during 

the RCT, often without visible signs of deterioration. The damaged 

instrument retains the remnant in the canal, which necessitates a further 

effort to extract it [141]. The implications of such instrument remnants 

impact the endodontic treatment's completion accuracy [139]. The initial 

assessment of this deterioration during the primary stages of failure is 

required. Thus, a thorough evaluation, severity prediction, and treatment 

approach are essential components of a successful endodontic procedure 

[78,180]. 

In past studies, technology has been employed in numerous parts of 

biomedical and dental research to find ways to analyze clinical health 

data. These studies can aid throughout the assessment of a medical 

condition, decision- making and the initiation of adequate care. Morch 

et al. [76] presented a systematic review of implementing artificial 

intelligence (AI) in dentistry. The authors included the traditional, 

neural, and combination of learning techniques. Later, the study 

suggested the involvement of AI in dentistry. Qu et al. [82] used the 

machine learning (ML) approach for endodontic micro-surgery 

prognosis prediction. Random forest (RF) and gradient boosting 

machine (GBM) algorithms were used. Additionally, they evaluated the 

predictive sensitivity, accuracy, and specificity. The receiver operating 

characteristic curve (ROC) curve and area under the curve (AUC) were 
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used to assess the performance of RF and GBM techniques. The authors 

observed that the GBM model was better than the RF model. 

Hung et al. [79] used ML techniques to diagnose and forecast root caries. 

ML and AI were used to provide the most significant aspects and 

examine the model's performance to categorize the absence and 

presence of dental decay. A model capable of classifying classes was 

built utilizing various supervised ML techniques. The authors state that 

clinicians have been urged to adopt the study's algorithms for primary 

prevention in treatment. The diagnosis of the endodontic instrument is 

required to examine the health condition of the instrument during root 

canal treatment. The current study used the force signal for analyzing 

the endodontic characteristic through biomechanical preparation. The 

machine learning algorithms have been employed to assess the model's 

performance, namely Gaussian Naïve Bayes (GNB), quadratic support 

vector machine (QSVM), fine k-nearest neighbor (FKNN), and 

ensemble bagged tree (EBT). 

5.2 Methodology 

5.2.1 Biomechanical preparation and data acquisition  

The College of Dental Science and Hospital Indore, India, provides the 

extracted teeth samples. Since these extracted teeth contain harmful 

bacteria, disinfection through hydrogen peroxide is required after 

collecting from the hospital. The previous chapter explained the sample 

preparation process in detail. This chapter also follows the same 

preparatory procedure. The biomechanical preparation setup involves 

the dental trolley and the air compressor. The dental trolley consists of 

three components: the first one is a micro-motor for creating a glide path, 

second is an air rotor which is used to give an initial ditch to the crown 

of the teeth. The last one is two ways syringe, which provides water and 

air during the sample preparation, as depicted in the biomechanical 

preparation portion of Fig. 5.1.  

The RCT utilizes this study's wave one gold (WOG) endodontic file. 

Dentsply Maillerfer, Switzerland, manufactures these endodontic files, 
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which are used in accordance with the manufacturer's guidelines. The 

RCT experimental rig consists of two sub-systems. The first one is for 

biomechanical preparation, where the extracted teeth are cleaned, and 

samples are prepared, as shown in Fig. 5.1. In the second, an endodontic 

file is used to clean and shape the teeth., as shown in Fig. 5.1. A 

dynamometer with a sampling frequency of 7100 Hz is used to record 

the data. Force measurement sensor made by the Kistler group in 

Winterthur, Switzerland. The sensor has a sensitivity of nearly -7.5 

pC/N (x, y-direction) and -23.5 pC/N (z-direction) and can measure 

forces up to 10 kN. For data transfer, DAQ is paired to a dedicated 

laptop. MATLAB (MathWorks, USA) software is used to analyze the 

signals. The methodology used in this study is shown in Fig. 5.2. 

5.2.2 Unbalanced and balanced datasets 

This work considers three classes: success, moderate, and failure. A file 

is categorized as a class success if it is in healthy condition after the RCT 

procedure. The file that has faults during the procedure is considered in 

class failure. In contrast, the file with a moderate level of damage is 

assessed in class moderate. Minority classes have fewer occurrences, 

and a class with a superior number of instances is titled a majority class. 

The minority class includes failure and moderate, whereas the majority 

class includes success instances. The unbalanced dataset problem 

happens in many domains. In an unbalanced dataset problem, one of the 

predefined classes has fewer instances than the others [181], as 

illustrated in Fig. 5.3. There are fewer minority class occurrences, and 

ML models may overlook or fail to recognize a minority class, thus 

providing unfair outcomes [181]. 
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Figure 5.1 Experimental setup for the biomechanical preparation of root canal, with the recorded signal for healthy, moderate, and faulty 

endodontic fil

Biomechanical 

preparation setup 

Root canal treatment experimental 

setup 

Recorded force signal of healthy, moderate, and faulty 

file 
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Figure 5.2 Flow chart of the methodology adopted for fault diagnosis 

of the endodontic instrument 

5.3 Synthetic Minority Oversampling Technique 

(SMOTE) 

The unbalanced distribution of the datasets means the minority class 

(faulty and moderate class) is much less than the majority class (healthy 

/success class). If the problem of unbalanced data is addressed in 

advance, the classifier model's effectiveness will improve. Most 

predictions are for the success class, while the faulty and moderate class 

features might be discarded because of the borderline points and treated 
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as data noise [182]. As a result, the model will have a significant bias. 

The technique of synthetic minority oversampling, i.e., SMOTE, is 

employed to balance the dataset.   

 

Figure 5.3 The unbalanced and the balanced classes of the datasets 

The SMOTE is one of the essential techniques in generating artificial 

instances for the minority class. This technique is easier to address the 

challenges of overfitting produced by random oversampling. The 

SMOTE emphasizes the feature space to make a new number of 

instances by interpolating between minority instances close together, as 

shown in Fig. 5.4.  

A few techniques are discussed in the literature, such as SMOTE 

(Synthetic Minority Oversampling Technique) [183,184], safe level-

SMOTE [185], Borderline-SMOTE [186], SMOM (Synthetic Minority 

Oversampling Technique for Multiclass) [187], and ADASYN 

(Adaptive Synthetic Sampling Approach) [188]. The SMOTE models 

function admirably and provide the majority of accurate predictions 

[187]. Additionally, rather than eliminating several duplicates, SMOTE 

methods generate new unique data [187,189]. Since SMOTE reduces the 

probability of overfitting [183], this study uses SMOTE to balance the 

datasets. 
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5.3.1 SMOTE algorithm 

The function in Eq. 5.1, generates new observations using a k-nearest 

neighbor technique and existing (input) data. Only neighbors within the 

same class are evaluated if multiple classes are provided as input 

[183,184,190]. 

Figure 5.4 Synthetic Minority Oversampling Technique (SMOTE) 

algorithm 

function [𝑋, 𝐶, 𝑋𝑛, 𝐶𝑛]  =  𝑠𝑚𝑜𝑡𝑒 (𝑋, [𝑁, 𝑘])           (5.1) 

where, in input; 𝑋: Original datasets 

𝑁: Oversampling amount (i.e., 1 = 100%), 𝑁 can be a vector with 

the same number of objects as the number of classes if the 

variable 'Class' is set.  

𝑘: Consider the number of closest neighbors,  𝑘 can be a vector 

with the same number of objects as the number of classes if the 

variable 'Class' is set.  

Output; 𝑋: the entire dataset (before and after SMOTE) 

𝐶: Complete dataset classes 

𝑋𝑛: Observations after SMOTE 

𝐶𝑛: Classes of synthesized observation 
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The following steps are followed for the SMOTE algorithm [183]: 

Step 1: Initialisation of datasets and minority class sets in oversampled 

border regions 

Step 2: Calculate the sample datasets for the majority and minority 

classes 

Step 3: Calculate the boundary area and the lower approximation 

decision. 

Step 4: Create synthetic data from minority class datasets. 

Step 5: Return: end function 

The above algorithm synthesizes the fresh minority class observations 

so that the total observation for every class equals the total observations 

for the majority class. 

5.3.2 Feature extraction 

Statistics are used to calculate a wide range of features from the sensor's 

signals [163,191,192]. These statistical features are commonly used for 

health and condition monitoring of the systems or components [191]. 

These extracted features are discussed below. 

1. Root mean square (RMS): The RMS is the square root of the 

signals' arithmetic mean. 

𝑅𝑀𝑆 =  √
1

2
∑ 𝑥𝑖

2
𝑖                 (5.2) 

2. Standard deviation (STD): The standard deviation (SD) is a 

measure of how much datasets deviate from the mean. 

𝜎2 =
1

𝑛−1
∑ (𝑥𝑖 − 𝜇)2𝑛−1

𝑖=0               (5.3) 

3. Kurtosis: The flatness and sharpness of the peak of the signal 

corresponding to the normal distribution are evaluated by 

kurtosis. 
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𝐾𝑢𝑟𝑡𝑜𝑠𝑖𝑠 = [
𝑛(𝑛+1)

(𝑛−1)(𝑛−2)(𝑛−3)
∑ (

𝑥𝑖−𝜇

𝜎
)

4

] − 3
(𝑛−1)2

(𝑛−2)(𝑛−3)
       (5.4) 

4. Skewness: The asymmetry in a statistical distribution is referred 

to as skewness, symmetry evaluation. 

𝑆𝑘𝑒𝑤𝑛𝑒𝑠𝑠 =
𝑛

(𝑛−1)(𝑛−2)
∑ (

𝑥𝑖−𝜇

𝜎
)

3

             (5.5) 

5. Crest factor: The crest factor is the ratio of the data's absolute 

greatest value to its root mean square value. 

𝑐𝑟𝑒𝑠𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 =  
|𝑥𝑚𝑎𝑥|

𝑅𝑀𝑆
              (5.6) 

6. Clearance indicator: The ratio of a data's maximum absolute 

value to the data's square root amplitude value is known as the 

clearing indication. 

𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 𝐼𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 =  
𝑚𝑎𝑥|𝑥𝑖|

(
1

𝑛
∑ √|𝑥𝑖|𝑛

𝑖=1 )
2            (5.7) 

7. Shape factor: The root mean square value to the data mean ratio 

is used as a shape factor. 

𝑆ℎ𝑎𝑝𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 =  
𝑚𝑎𝑥(|𝑥𝑖|)
1

𝑛
∑ |𝑥𝑖|𝑛

𝑖=1

              (5.8) 

5.4 Machine learning models 

The supervised ML-based classifier approach has been applied for 

model training and evaluation. The fundamental aim is to figure out a 

class for the observed data. The following ML models are used in this 

study:  

5.4.1 Gaussian Naïve Bayes 

The Gaussian Naïve Bayes (GNB) classifier is a supervised machine 

learning and probabilistic distribution model where the Bayes 

hypothesis is utilized as a framework [193,194]. This hypothesis is used 

to classify observations into one of the predefined classes utilizing a 

dataset. GNB classifiers evaluate the conditional probabilities that data 
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corresponds to a particular class through the response variable. The 

Gaussian distribution assumes that variables of response classes are 

conditional independent in the Naïve Bayes model. The probability of 

the observed instances and class is calculated as per the following [195]: 

             𝑃(𝑐|𝑥) ∝ 𝑃(𝑐) ∏ 𝑃(𝑥𝑖|𝑐)𝑛
𝑖=1                (5.9) 

where the conditional probability terms 𝑃(𝑥𝑖|𝑐) of 𝑥𝑖 occurred in the 

variable of class 𝑐. 𝑃(𝑥𝑖|𝑐) measures how much evidence 𝑥𝑖 provides 

that 𝑐 is the correct class. The probability of observing instances falling 

into class 𝑐 is 𝑃(𝑐). 

The following equation can be employed to evaluate the conditional 

probability [195,196]: 

𝑃(𝑥|𝑐) =
1

√2𝜋𝜎
𝑒

−(𝑥−𝜇)2

2𝜎2               (5.10) 

where 𝑥 is an observation, 𝑐 is class,  𝜇, and 𝜎 are mean and standard 

deviation, respectively. 

5.4.2 Quadratic support vector machine 

The SVM is a supervised learning method that aids multi-dimensional 

function estimation [197]. A structural minimization of risk and 

statistical learning theory are the foundations of the SVM approach. By 

converting input values into a multi-dimensional space, the SVM seeks 

to learn the boundary between the two classes [198,199]. A quadratic 

support vector machine (QSVM) was introduced to make optimization 

problems free from dual form and kernel [200]. 

A quadratic function is defined as [198,200]: 

𝑓 (𝑋) =  
1

2
𝑋𝑇𝑊𝑋 + 𝑏𝑇𝑋 + 𝑐             (5.11) 

where 𝑊 = 𝑊𝑇 = [

𝑤11 𝑤12

𝑤12 𝑤22

⋯ 𝑤1𝑚

⋯ 𝑤2𝑚

⋮ ⋮
𝑤1𝑚 𝑤2𝑚

⋮ ⋮
⋯ 𝑤𝑚𝑚

] ; 𝑏 = [

𝑏1

𝑏2

⋮
𝑏𝑚

]          (5.12) 

Eq. 5.11 has two terms; the first is non-linear, and the remaining two 

represent linear terms. This makes Eq. 5.11 efficient enough to separate 

(non-linearly) the data into two classes. The QSVM optimization 

problem for m training data becomes: 
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𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 ∑ ‖∆𝑓(𝑋𝑖)‖2𝑚
𝑖=1              (5.13) 

subject to 𝛾(𝑖) ≥ 1 for 𝑖 = 1, 𝑚             (5.14) 

5.4.3 Fine k-nearest neighbor 

The k-nearest neighbor (KNN) is a modest classifier among the all-

machine learning algorithm [201]. The nearest 𝑘 training dataset in the 

feature space makes up the datasets, where 𝑘 denotes the integer. The 

datasets are categorized by determining the most common class from the 

𝑘-nearest neighbors. These neighbours are evaluated based on their 

distance from the test sample. The KNN classifier uses a variety of 

distance metrics to apply the categorization model. The distance 

matrices are Euclidean distance, Minkowski distance, cosine similarity 

and weighted distance [202]. In this work, data is classified using a Fine 

KNN (FKNN) classifier, a type of KNN that identifies k-nearest 

neighbors using a small number of training samples. FKNN algorithm 

uses Euclidean distance to estimate the closest neighbors [203].  

5.4.4 Ensemble bagged tree 

An ensemble technique is an approach that combines predictions from 

various decision algorithms to provide more accurate predictions than 

those from any single algorithm [204]. Bagging is the term for bootstrap 

aggregation, an ensemble learning that generates data using sequential 

and parallel approaches [205]. In most cases, bagging uses a similar 

weak classifier and trains them simultaneously [205]. Several decision 

tree learners are used in this ensemble; each is trained on a different 

portion of the training set. Furthermore, the majority vote of the 

estimations is used to make the final prediction of an ensemble bagged 

tree classifier (EBT), for instance, through the individual decision trees. 

The EBT model has one of the most significant features: despite training 

the model frequently with various feature subsets, the significance of 

features can be assessed throughout the training phase. 
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5.5 Results 

5.5.1 Model parameters for performance analysis  

In this work, seventy percent of the dataset is chosen at random for the 

training, and thirty percent is utilized as a test set to assess the 

effectiveness of the machine learning models. The same ratio for 

training and testing is used for balanced and unbalanced datasets to carry 

out the experimentations. The ML models are trained using a stratified 

10-fold cross-validation technique. Moreover, to overcome the 

unbalanced class problem and avoid overfitting, the approach of 

synthetic minority oversampling is used. 

True positive (TP) and false positive (FP) signify that a positive class is 

detected correctly as positive and a negative class is incorrectly detected 

as positive, respectively. The true negative (TN) and false negative (FN) 

denote that the negative class is adequately detected as negative and the 

positive class is incorrectly detected as negative, respectively. For the 

unbalanced and balanced model, sensitivity, specificity, precision, NPV, 

and F1-score of the datasets are employed to evaluate the efficiency of 

predictions [190,206–208]. The following are their definitions: 

1. Sensitivity or recall: It is referred to as a true positive rate, a 

quantity of positive class that the classifier has classified. 

𝑇𝑃

𝑇𝑃+𝐹𝑁
               (5.15) 

2. Specificity: It is referred to as the true negative rate. It is a 

quantity of negative classes that have been classified as negative 

by the classifier. 

𝑇𝑁

𝑇𝑁+𝐹𝑃
              (5.16) 

3. Precision: It is the proportion of the number of classes exactly 

classified as positive to the total number of positive classes 

detected. It also demonstrates the accuracy of positive 

prediction. 
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𝑇𝑃

𝑇𝑃+𝐹𝑃
               (5.17) 

4. Accuracy is the percentage of accurate predictions from the total 

number of predictions. 

𝑇𝑃+𝑇𝑁

𝑇𝑃+𝑇𝑁+𝐹𝑃+𝐹𝑁
              (5.18) 

5. F1-Score: It's a weighted average of precision (recall) and 

sensitivity. 

2×𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛×𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 

𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛+𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 
              (5.19) 

5.5.2 Implementation of machine learning model 

5.5.2.1 Effect of datasets prior to oversampling 

The confusion matrix of the classifier model is obtained utilizing raw 

unbalanced data (before the oversampling). Gaussian Naïve Bayes, 

quadratic support vector machines, fine k-nearest neighbor, and 

ensemble bagged tree classifier are used to acquire the confusion matrix 

as shown in Fig. 5.5. For the unbalanced datasets, GNB, QSVM, FKNN, 

and EBT models achieved accuracies of 91.46 %, 95.12%, 97.56%, and 

97.56%, respectively. The Fine KNN and EBT measured the decent 

value of the specificity through the model. However, as we compare it 

with the GNB and QSVM, it is a much higher value than Gaussian and 

quadratic classifiers, as mentioned in Table 5.1. The sensitivity value of 

the quadratic classifier is predicted as minimum compared with the other 

classifiers because it precisely detected the class. 
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 Figure 5.5 Confusion metrics of ML model before oversampling 

(unbalanced) 

5.5.2.2 Effect of datasets after the oversampling 

The SMOTE approach is implemented to balance the dataset. Both 

classification model's performance has improved after resampling, as 

shown in the confusion matrix of Fig. 5.6. The true positive rate of the 

GNB, QSVM, FKNN, and EBT classifier is increased. The accuracy of 

the balanced class is observed to be higher after utilizing the 

oversampling technique with the acquired confusion matrices. The 

FKNN and EBT classifiers have higher accuracy than the Gaussian and 

quadratic classifiers in the balanced class, and the noted higher 

accuracies are 98.95% and 98.95%, respectively. The precision value 

for all the classifiers is observed to be higher after utilizing the SMOTE 

approach, as shown in the performance metrics for the classifier model 

in Table 5.1. 
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Figure 5.6 Confusion metrics of ML model after oversampling 

(balanced) 

5.6 Discussion  

In endodontics, machine learning techniques may predict periapical 

diseases, vertical root fracture, apical foramen, root morphologies, 

retreatment, and endodontic surgeries [76,77,79,82,160,209–211]. The 

current study includes the diagnosis of endodontic instrument failure. 

The typical endodontic RCT mechanics makes it laborious and prone to 

error in fault diagnosis estimation. Therefore, accurate techniques and 

enhancing RCT approaches for diagnostics are implemented to aid in 

successful decision-making. It suggests that the multiple class 

associations can be analyzed quickly using machine learning algorithms. 

The oversampling effect is investigated on the acquired force signal 

during the RCT. Furthermore, it established that the ML classifier model 

could effectively diagnose the endodontic file. 
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Table 5.1 Performance metrics for GNB, QSVM, FKNN, and EBT classifications 

 

Performance  

Gaussian Naïve Bayes Quadratic SVM Fine KNN Ensemble Bagged Tree 

Imbalanced Balanced Imbalanced Balanced Imbalanced Balanced Imbalanced Balanced 

Precision (%) 81.51 97.61 95.71 97.99 96.70 98.95 96.70 98.95 

Sensitivity (%) 92.11 97.92 85.19 97.92 94.72 98.95 94.72 98.95 

Specificity (%) 95.46 98.74 93.97 98.95 97.68 99.48 97.68 99.48 

Accuracy (%) 91.46 97.56 95.12 97.91 97.56 98.95 97.56 98.95 

F1 Score (%) 85.54 97.70 88.43 97.90 95.47 98.95 95.47 98.95 
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In this work, results of the cleaning and shaping procedures are analyzed 

using Gaussian Naïve Bayes (GNB), quadratic support vector machines 

(QSVM), fine k-nearest neighbor (FKNN), and ensemble bagged tree 

(EBT) classifiers. The investigation is constrained by the minority class 

dataset that can be related to the comparatively satisfactory outcomes of 

endodontic instruments during RCT. The unbalanced classes may affect 

model performance; therefore, SMOTE algorithm is employed to 

resolve the problem [190,212]. The GNB, QSVM, FKNN, and EBT 

classifications algorithms are implemented and found to create the most 

accurate prediction when performing the RCT. Fig. 5.7 and 5.8 show the 

scatter plot of the classifier model for unbalanced and balanced class 

datasets, respectively. The features of the models have a significant 

relationship, which is also observed in unbalanced and balanced scatter 

plots. The graph shows that the classifier usually predicts positive and 

negative classes accurately, as shown in Fig. 5.7 and 5.8. There are only 

a few instances where the model predicts incorrectly. The clustered bar 

chart of the classifier model represents the performance of unbalanced 

and balanced classes, as shown in Fig. 5.9. This figure analyzes the 

comparison of all four-classifier model performances based on the 

precision, sensitivity, specificity, accuracy, and F1 score, respectively. 
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Figure 5.7 Scatter plot for unbalanced datasets of GNB, QSVM, FKNN, 

and EBT classifiers between the predictors 
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Fig. 5.10 depicts the receiver operating characteristic (ROC) curve and 

area under the curve (AUC) of the unbalanced dataset. These curves are 

utilized to evaluate the accuracy of predictions. For unbalanced datasets, 

the area under the curve of the GNB, QSVM, FKNN, and EBT classifier 

is observed at 0.95, 0.98, 0.96, and 0.99, respectively, as shown in the 

positive class. For the balanced dataset, the AUC of the GNB, QSVM, 

FKNN, and EBT classifiers is noted as 1.0, 0.99, 1.0, and 1.0, the 

positive class, respectively, as shown in Fig. 5.11. The FKNN and EBT 

classifiers reported accuracy improvements. This is possible because of 

the SMOTE approach, which has increased the minority class, resulting 

in a performance improvement.  
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Figure 5.8 Scatter plot for balanced datasets of GNB, QSVM, FKNN, 

and EBT classifier between the predictors 

Fine KNN and EBT models performed well in this study compared to 

all four classifiers, with an accuracy of 97.67%, 97.67% for unbalanced, 

98.95%, and 98.95% for balanced, respectively. High precision, 

specificity, accuracy, and F1 score are very relevant when evaluating 

their performance, as shown in Table 5.1. It is essential to prevent 

classes that are completely treated as untreated. It may have an actual 

impact on teeth which can lead to teeth extraction due to catastrophe 

instrumentation. 
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Figure 5.9 Comparison of a clustered bar chart for the classifications model performance
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In this regard, the balanced EBT is even more accurate, specific, and 

sensitive. However, the accuracy and F1 score of the balanced FKNN 

classifier are similar to the EBT classifier. In contrast to the FKNN and 

EBT, the GNB and QSVM have a chance of misclassifying classes with 

adverse predictions with favourable fault diagnoses. Altogether, the 

QSVM and EBT models performed better after resampling, with an 

AUC of 1.0. The FKNN model also performed well in estimating 

endodontic instrument fault diagnosis, with an AUC of 0.99. 

 

 

Figure 5.10 ROC performance curve and AUC for unbalanced data 
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Figure 5.11 ROC performance curve and AUC for balanced data 

Recently, ML algorithms have been used to classify endodontic 

treatments based on the Case Difficulty Assessment Form (CDAF) of 

the American Association of Endodontists (AAE) [180]. The ML 

approach is employed for estimating endodontic RCT complexity 

regarding the endodontic instrument [213]. This will substantially 

benefit the clinician in making referred judgments and enhancing patient 

satisfaction [180,213]. 

From the perspective of clinical relevance, according to the National 

Library of Medicine (NLM) and the National Institutes of Health (NIH) 

in the US, dentistry is one of the specialties where MLs are implemented 
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[76,87]. The research has yielded tangible outputs based on the scientific 

literature, including endodontics and orthodontics [76,87].  

5.7 Conclusions 

This study presents the implications of reciprocating endodontic 

instruments to shape and clean root canals by acquiring the force signals 

for different healthy and faulty conditions. These force signals are 

acquired while performing RCT and are subsequently used to train three 

supervised machine learning models. The following conclusions are 

drawn from the current research: 

• The health diagnosis of endodontic files while carrying out RCT 

can be performed effectively by analyzing the force signals using 

QSVM, GNB, and FKNN with higher precision, sensitivity, and 

other performance metrics parameters. 

• The SMOTE algorithm improves classification accuracy 

significantly. 

• The current study reveals that the ensemble bagged tree (EBT) 

and fine k-nearest neighbor (FKNN) improves the performance 

evaluation of training and testing datasets compared to other 

methods. EBT and FKNN are equally accurate, with 98.95% and 

97.56% for balanced and imbalanced data, respectively. 

• The present study provides practitioners with appropriate 

clinical decision support systems by using machine learning 

approaches to diagnose the health condition of endodontic 

instruments. 

This chapter presents the influence of oversampling on the effectiveness 

of force signals in predicting faults in the endodontic instrument. In the 

subsequent chapter, the endodontic file's health prediction and fault 

prognosis has been analyzed. The machine learning algorithm and 

degradation model have been utilized to analyze the force signals during 

the root canal treatmen
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Chapter 6 

Health prediction of the endodontic instrument 

based on machine learning and exponential 

degradation models 

 

This chapter proposes an intelligent health prediction and fault 

prognosis of the endodontic file during root canal treatment. The force 

signals are acquired using a dynamometer during the RCT. 

Subsequently, statistical features are retrieved from the force signals. 

Through the window-wise feature extraction method, the extracted 

features are selected. Time-domain features of the signals are analyzed 

as characteristic features for endodontic file prognostics. Extracted 

features do not have relevant information due to noise in the signals. 

Hence the smoothing of the feature is required at this stage to observe a 

trend in the signals. The health of the endodontic instrument is predicted 

using machine learning techniques and an exponential degradation 

model. This model is intended to forecast the degradation of the 

endodontic instrument so that measures can be implemented before 

actual failures occur. The proposed approach can investigate 

endodontic instrument malfunctions and the initiation of failure. 

Endodontics practitioners can use machine learning models and an 

exponential model to estimate the endodontic instrument's health 

condition. This research may assist practitioners in improving the 

effectiveness of endodontic instrument performance and the efficacy of 

root canal treatment. 

 

6.1 Introduction  

Root canal treatment is necessary to prevent deterioration, pain, and 

toothache. The endodontic file is an essential instrument for the RCT 
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[37]. The RCT is an intricate procedure usually handled by dental 

practitioners. Endodontic instruments shape and clean the root canal 

[7,37]. Sometime, the instrument gets stuck between the root canal due 

to its intricated shape, resulting in the formation of a ledge [27]. The 

micro-crack can be initiated during the process, and there may be 

chances of endodontic instrument failure [110].  

A health prognosis of the endodontic instrument is required to avoid 

failure of the instrument. The machine learning model predicts the 

endodontic instrument's degradation while preparing the root canal. 

Several approaches have been used for prognosis and health monitoring 

of endodontic instruments, including micro-CT technology, optical 

micrograph, fractographic analysis, SEM, AFM, statistical features, etc. 

Barbosa et al. [209] showed the internal and external defects of the 

endodontic instruments through micro-computed tomography. 

Additionally, they visualized the endodontic instrument's exterior 

surface and progressive deterioration. Rosa et al. [210] compared the 

strength and flexibility of the NiTi endodontic instruments with stainless 

steel instruments. Burklein et al. [144] discussed the axial force and 

dynamic torque during the RCT using three different endodontic motors. 

The rotary instrument is given a higher torque than the manual 

preparation [144]. Kataya et al. [214] compared the endodontic 

instrument's debris retention and cutting efficiency through the 

computer image analysis program. Afterward, it concluded that electro-

polishing could enhance and improve the instrument's wear resistance. 

Gerek et al. [142] showed the adequate force involved in removing the 

fractured instrument during the RCT. Two different techniques, namely 

Masserann and ultrasonic, were compared. This study concluded that 

there was no significant difference between these techniques, but the 

reduced force was observed when the fractured instrument was removed 

vertically. Tokita et al. [64] analyzed the vertical force and dynamics 

torque during the RCT preparation through the NiTi rotary instrument 

with distinct reciprocal rotational modes. Further, they concluded that 

the maximum torque reduces considerably due to the decrement of stress 
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initiation affected by screw-in force. In this study, machine learning 

techniques are used with an exponential degradation model to forecast 

the degradation of the endodontic instrument. 

6.2 Material and methods 

6.2.1 Samples and root canal preparation 

The College of Dental Science and Hospital Indore India has supported 

us in providing human extracted teeth. The methodology of this study is 

presented in Fig. 6.1. After collecting human extracted teeth, cleaning is 

mandatory through hydrogen peroxide (H2O2) because these extracted 

samples have germs and bacteria. The sample preparation for holding 

the extracted teeth has been made through the cold mountings process. 

In chapter 4, I have briefly described the stepwise sample selection and 

preparation process. The same sample selection and preparation 

procedure is also adopted for this chapter.  

6.2.2 Experimentation and data acquisition 

In this study, WaveOne Gold (WOG) endodontic reciprocating file 

system performs the RCT. The WOG (Dentsply Maillefer, Switzerland) 

endodontic file is utilized based on the directions given by the makers. 

The endodontic handpiece holds the endodontic file connected to the 

endomotor (X-smart Plus, Dentsply Sirona, United States). The 

experimental setup helps to shape and clean the root canal. A tooth 

sample is mounted over a vice fixed over the dynamometer. The vice is 

used for providing rigid support in the mounted specimen. During RCT, 

force signals were acquired using the dynamometer (Kistler Group, 

Winterthur, Switzerland), as shown in Fig. 6.2. 

The dynamometer measures force up to 10 kN, and the sensitivity of the 

sensor is approximately ≈ -7.5 pC/N (𝐹𝑥, 𝐹𝑦) and ≈ -23.5 pC/N (𝐹𝑧). 

The force signal from the sensor is sampled at 7.1 kHz [66]. The 

dynamometer is directly connected through the data acquisition (DAQ) 

system, and DAQ is connected to the dedicated computer for 

transferring the data. The DAQ converts the current and voltage signals 
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into their corresponding value of the force signal. After that, the 

recorded data is analyzed and post-processed in MATLAB software. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Methodology adopted for health prediction of endodontic 

files system during RCT 
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Figure 6.2 Schematic diagram of the experimental setup for RCT 

6.2.3 Data processing and exploring 

The data have been processed and visualized in MATLAB software. The 

force signals are represented as time responses, as shown in Fig. 6.3 (a-

c). The force amplitude increases as the endodontic file approach the 

canal's curved and apical portion. The force signals are categorized into 

three categories based on the degradation status of a file: healthy, 

moderate, and faulty. The retraction and insertion signals of the 

endodontic instruments from the root canal wall are observed during the 

RCT, as shown in Fig. 6.3. The retraction and insertion signatures of the 

endodontic instruments are clearly visualized in the graph. Furthermore, 

these healthy, moderate, and faulty signals are used for feature 

extraction. 

6.2.4 Microscopic analysis 

The severity level of failure of the endodontic instrument has been 

examined under an optical stereo-microscope system (Leica DMS300; 

Leica Microsystems Inc. USA). Fig. 6.4 (a) shows the Longitudinal and 

cross-sectional view of the healthy condition of the endodontic file, 
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which has a sharp and clean edge. After some time, the irregularities and 

file tip wear have been observed during the cleaning and shaping, as 

shown in Fig. 6.4 (b). The smear layer and debris substances [155] have 

also remained at the cutting edge during the process, as shown in Fig. 

6.4 (b) [155,215]. After that, failure origination and tip break along the 

grove [157] have been observed on the file surface while RCT, as shown 

in Fig. 6.4 (c).  

6.2.5 Feature extraction 

For the different fault severity mentioned in section 2.3, well-known 

statistical features such as standard deviation, kurtosis, means, 

skewness, shape indicator, clearance indicator, impulse indicator, root 

mean square, etc., have been calculated [162,192]. Four features based 

on the trendability and monotonicity of the features, i.e., standard 

deviation (𝜎), kurtosis, skewness, and root mean square [164,192], are 

considered for further analysis.  

1. Root means square (RMS): RMS calculates the average value over 

a period of time. 

 𝑅𝑀𝑆 =  √
1

2
∑ 𝑥𝑖

2
𝑖                  (6.1) 

2. Kurtosis: Kurtosis measure the flatness and sharpness of the peak 

of the signal corresponding to the normal distribution. 

𝐾𝑢𝑟𝑡𝑜𝑠𝑖𝑠 = [
𝑛(𝑛+1)

(𝑛−1)(𝑛−2)(𝑛−3)
∑ (

𝑥𝑖−𝜇

𝜎
)

4

] − 3
(𝑛−1)2

(𝑛−2)(𝑛−3)
         (6.2) 

3. Skewness: Skewness refers to a measure of asymmetry, the lack of 

symmetry. 

𝑆𝑘𝑒𝑤𝑛𝑒𝑠𝑠 =
𝑛

(𝑛−1)(𝑛−2)
∑ (

𝑥𝑖−𝜇

𝜎
)

3

              (6.3) 

4. Standard deviation (STD): The STD measures fluctuations of force 

signal from the mean. 

 𝜎 = √
1

𝑛−1
∑ (𝑥𝑖 − 𝜇)2𝑛−1

𝑖=0                (6.4) 

where 𝜇 is the mean, and 𝑛 is the number of samples.
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Figure 6.3 Force signal during the RCT (a) healthy file, (b) moderate file, and (c) faulty file

Insertion Retraction 

(a) 

(b) 

(c) 
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Figure 6.4 Longitudinal and cross-sectional aspects of representation 

of the endodontic reciprocating instruments (a) healthy, (b) moderate, 

and (c) faulty file 

6.2.6 Window-wise feature extraction 

Window-wise feature extraction is needed to obtain the appropriate 

feature trend [216,217]. After choosing three selected endodontic files, 

healthy, moderate, and faulty files, a window is employed in each time-

domain signal, as shown in Fig. 6.5. Features are extracted according to 

the window-wise feature extraction process. Afterward, the trends of 

these features are analyzed for different file conditions.

(a) 

(b) 

(c) 

Tip of the endodontic file 

Tip of the endodontic file 

Tip of the endodontic file 
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Figure 6.5 Extracted features in the time domain, i.e., RMS, kurtosis, skewness, and standard deviation of the endodontic file, namely: healthy file, 

moderate file, and faulty file, respectively 
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Figure 6.6 Smoothing the extracted feature of the faulty file (a) without 

smooth features, (b) with smooth features 

6.2.7 Smoothing the feature data  

To avoid unnecessary noise from extracted features, smoothing of the 

feature is required. The noisy feature can sometimes be inaccurate in 

measuring the health prediction. Therefore, the lag window of five steps 

with a moving means filter is employed to extract the features of the 

signal. Fig. 6.6 (b) shows the effect of feature smoothing. 

6.2.8 Health Index  

The health index (HI) is employed to predict the health status of the 

endodontic instruments. Various techniques can define the health index. 

A few of them include principal component analysis (PCA) [199,218], 

kernel PCA [199], diffusion mapping (DM) [199], window wise feature 

extraction [216], maximum variance unfolding (MVU) [199], self-

organizing mapping (SOM) network [200] and isometric feature 

mapping reduction technique (ISOMAP) [197]. This work determines 

the health index using PCA and the window-wise method. In this 

method, the windowing of 20-second data is used. Each window 

measures the one-second data, as shown in Fig. 6.7. The best health 

index is obtained from the window-wise feature extraction method, as 

(a) (b) 
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shown in Fig. 6.7 (b). The curves are plotted between the window 

(second) and features (standard deviation i.e., STD). The standard 

deviation feature is optimized using the RefliefF feature selection 

technique that is defined as a health index. After selecting the healthy, 

moderate, and faulty file features (i.e., RMS, kurtosis, skewness, and 

STD), then applied the window method for each selected file according 

to the health condition of the endodontic file. Since this work aims to 

the health prediction of the endodontic instrument thus, a faulty file is 

chosen for analyzing the health index. 

 

Figure 6.7 (a) Health index of healthy, moderate, and faulty file, and (b) 

health index of the faulty file 

6.3 Machine learning models 

6.3.1 Linear support vector regression 

Vapnik et al. [218] proposed the Linear Support Vector Regression 

(LSVR), which is used as a highly popular application of SVMs 

[82,199,218]. The LSVR depends on the kernel function. Therefore, it 

is considered a nonparametric technique. The LSVR mainly focused on 

estimating a functional relationship of the random variable between 

input and output under the assumptions. The assumption is that the input 

and output variable of joint distribution is entirely unknown. The 

outcomes of the linear support regression model have shown in Fig. 6.8. 

(a) (b) 
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The general approach behind the LSVR is to analyze the best fit line. 

The best fit line means there is a hyperplane on which the maximum 

number of points lies. The regression algorithm helps to reduce the 

deviation between the actual value and the predicted value. 

The LSVR evaluation can be formalized as a function of 𝑦  [219]: 

𝑦 = 𝑓(𝑥)                 (6.5) 

depend on the training dataset = [(𝑥𝑖, 𝑑𝑖), 𝑖 = 1,2, … … . 𝑛], 

where, 𝑥𝑖 ∈ 𝑅𝑛 : ith input vector for the training dataset, 

𝑥𝑖 ∈ 𝑅  : Target value for the ith training dataset, 

𝑛 : number of the training set. 

The training LSVR model corresponds to obtaining a regression 

function: 

𝑓(𝑥) = ∑ (𝜑𝑖 − 𝜑𝑖
∗)𝑘(𝑥𝑖, 𝑥) + 𝑏𝑛

𝑖=1              (6.6) 

where, 𝐺(𝑥𝑖 , 𝑥): positive definite kernel function, 

 𝜑: (𝜑1, 𝜑2, … … . . 𝜑𝑛)𝑇 

 𝜑: (𝜑1
∗, 𝜑2

∗ , … … . 𝜑𝑛
∗ )𝑇 

 𝑏: model parameter 

 𝜀: epsilon margin 

To obtain the expression, construct a Lagrangian function by 

establishing a non-negative multiplier 𝜑𝑛 and 𝜑𝑛
∗   for each observation 

𝑥𝑛. This leads to expression, which requires minimizing the objective 

function. 

𝐿(𝜑) =
1

2
∑ ∑ (𝜑𝑖 − 𝜑𝑖

∗)(𝜑𝑗 − 𝜑𝑗
∗)𝑥𝑖

′𝑥𝑗 + 𝜀 ∑ (𝜑𝑖 +𝑛
𝑖=1

𝑛
𝑗=1

𝑛
𝑖=1

𝜑𝑖
∗) + ∑ 𝑦𝑖(𝜑𝑖

∗ − 𝜑𝑖)
𝑛
𝑖=1                     (6.7) 

Subject to, 

∑ (𝜑𝑖 − 𝜑𝑖
∗) = 0𝑛

𝑖=1   and 𝜑𝐼 , 𝜑𝐼
∗ ∈ [0, 𝐶]                         (6.8) 

where, 𝜀 and C is hyperparameters. 
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According to the above concept of support vector (SV), the simplified 

function of the SVR is as follows: 

𝑓(𝑥) =  ∑ (𝜑𝑖 − 𝜑𝑖
∗)𝐺(𝑥𝑖, 𝑥) + 𝑏𝑛

𝑖=1               (6.9) 

where, 𝐺(𝑥𝑖, 𝑥) is kernel function, so for LSVR, 𝐺(𝑥𝑖, 𝑥) = 𝑥𝑖
′, 𝑥𝑗. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8 (a) Linear support vector regression prediction model, (b) 

residual of true response, and (c) predictive response 

6.3.2 Quadratic support vector regression  

The quadratic support vector regression (QSVR) is also called a 

quadratic kernel-free non-linear support vector regression machine 

[200]. The quadratic regression function can separate both linear and 

non-linear data [200]. The optimization problem for quadratic support 

vector regression is similar to the linearly separable data (dual form). 

The QSVR optimization contains two forms: the first is associated with 

the linear segment of the quadratic function, and the next is associated 

with the non-linear quadratic function. For the quadratic optimization 

problem, Eq. 6.7 and Eq. 6.8 can be used to solve for the two parameters 

[197]. Fig. 6.9 shows the outcomes of the quadratic support vector 

regression. 

 

(a) (b) 

(c) 
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Figure 6.9 (a) Quadratic support vector regression prediction model, 

(b) residual of true response, and (c) predictive response 

 

6.3.3 Exponential degradation model 

In the exponential degradation model (EDM), a dynamometer-based 

signals feature measures the occurrence of the degradation behavior of 

an endodontic instrument [220]. The residual life of a partially degraded 

instrument can be estimated statistically through the health indicator. 

The degradation frameworks operating in the field inform the residual 

life up to the degradation threshold of the endodontic instruments. For 

characterizing the assessment of the degradation signal, exponential 

degradation modeling is used [221–224]. The EDM is employed to 

model an exponential degradation process for estimating the health of 

the endodontic instruments, as shown in Fig. 6.10.  

The health degradation of the instrument can mathematically be 

expressed as [220,221]: 

𝐻(𝑡) =  𝛼′ + 𝜃′ exp ( 𝛽′𝑡 + 𝜖′  −
𝜎2

2
)            (6.10) 

where 𝐻(𝑡) is a health indicator, 

𝛼′  is the intercept term considered as a constant, 

(a) (b) 

(c) 



129 
 

𝜃′ and 𝛽′  are random parameters. 𝜃′ and 𝛽′   are lognormal-distributed 

and Gaussian-distributed, respectively. 

On every step 𝑡, the distribution of 𝜃 and 𝛽  is updated to the subsequent 

based on the latest observation of 𝐻(𝑡). 

𝜖′  is a gaussian noise yielding to 𝑁(0, 𝜎2).   

The exponential degradation model can be expressed as [220]: 

𝐸[𝐻(𝑡)𝜃,𝛽] = 𝛼′ + 𝛽′ exp(𝛽′𝑡)            (6.11) 

Here is a health index [𝐻(𝑡)𝜃,𝛽] that is extracted from the feature 

extraction model is fitted to the exponential degradation model. 

For the EDM, the model primarily has confidence in the observed data. 

Therefore, the slope parameters are chosen arbitrarily with significant 

variance [220]: 

𝐸(𝜃) = 1, 𝑉𝑎𝑟(𝜃)   = 106, 𝐸(𝛽′) = 1, 𝑉𝑎𝑟(𝛽′) = 106      (6.12) 

The 𝛼′ is set to be '-1' because the model depends on the observed data; 

therefore, here, we set the value of 𝛼 so that the model will start from 

zero [220,221], 

𝐸[𝐻(0)] = 𝛼′ + 𝐸(𝜃)              (6.13) 

Degradation models evaluate health conditions by predicting when a 

health index will cross a threshold as an expression given in Eq. 6.14 

and Eq. 6.15 [225]. Thus, the association between the variation of noise 

and the variation of health index can be obtained as:  

∆𝐻(𝑡) ≈ [𝐻(𝑡) − 𝛼′𝛻 ∈ (𝑡)]             (6.14) 

The standard deviation of the noise is supposed to affect 10% of the 

adaptation of the health index. Thus, the standard deviation of the signal 

can be expressed as: 

10%.𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

(𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑−𝛼)
                       (6.15
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Figure 6.10 Exponential degradation model trajectory of the endodontic instrument 
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The EDM model additionally presents a functionality to estimate the 

importance of the slope. When a significant slope of the health index is 

identified, the EDM model will not recall the earlier interpretation and 

resume the assessment on the original observations. The slope can only 

be acknowledged if the 𝑝-value is smaller than the confidence interval. 

So, here 0.05 is set to be a confidence interval. 

6.4 Discussion 

Few authors worked for the endodontic instruments in RCT mechanics, 

endodontics, and dentistry  [66,76,160,161,226–228]. This study 

implements a novel approach that helps the practitioner to understand 

the health condition and fault prognosis of the endodontic instrument 

based on machine learning models. It can assist in preventing 

endodontic instrument failure while performing the RCT. 

The biomechanical procedure of the root canal system is a crucial step 

of RCT. The opening of access, preparation of the canal (shaping and 

cleaning), and obturation are the three major steps in the RCT process  

[37]. These steps are significant for the accomplishment of root canal 

procedures. Due to the limitation of in-vitro experimentation, we have 

used only two steps, the opening of access and the canal preparation in 

this study. The endodontic file removes inflamed and infected dentin 

tissue during shaping and cleaning. While disinfecting the infected and 

inflamed dentin, endodontic files may sometimes stick between the root 

canal, resulting in file failure, as exhibited in Fig. 6.4 (c). The machine 

learning model has been employed to monitor the health of the 

endodontic instrument.  

The SVR algorithm is used in this study. The LSVR and QSVR are 

evaluated to optimize the best algorithm and proportional outcomes 

mentioned in Table 6.1. This table compared the outcomes in terms of 

the following parameter, i.e., 𝑅-squared (𝑅2), mean absolute error 

(MAE), and root mean squared error (RMSE). Through these models, 

the optimum results are obtained from the quadratic regression. The 

maximum 𝑅2 value of 0.98 was obtained from the QSVR, and the 
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observed points are strongly suited to the regression line, as shown in 

Fig. 6.11. The regression algorithm provides the relationship between 

the true and predicted responses. The regression model showed the 

goodness of fit and data fitting through the regression line. Root mean 

squared error (RMSE) [229] and mean absolute error (MAE) are used to 

analyze the accuracy, performance, and effectiveness of the prediction 

outcomes [222]. The RMSE [229] and MAE [222] are employed as 

assessment indexes for the estimation outcome of the two models. Based 

on these two indexes, RMSE and MAE can be calculated from the 

following expression [222,230]: 

𝑅𝑀𝑆𝐸 = √
1

𝑛′
∑ (𝑥𝑖 − 𝑥𝑖

∗)2𝑛′

𝑖=1               (6.16) 

𝑀𝐴𝐸 =
1

𝑛′
∑

|𝑥𝑖−𝑥𝑖
∗|

𝑛′
𝑛
𝑖=1 × 100%                                  (6.17) 

where 𝑥𝑖 and 𝑥𝑖
∗ are the observed value and predicted, 𝑛′ is the number 

of samples. 

Table 6.1 Comparison between the models 

Machine learning model R2 RMSE MAE 

LSVR 0.95 0.014 0.011 

QSVR 0.98 0.005 0.008 

 

Fig 6.8 shows the regression curve of the signals using the LSVR model. 

A linear kernel function is used to execute the algorithm. Additionally, 

Fig. 6.8 illustrates the residual of the true response and the predictive 

response graph. The QSVR obtained the maximum regression value 

compared to the LSVR, and quadratic regression data are closely fitted 

to the regression line, as shown in Fig. 6.9. The quadratic kernel function 

is employed for quadratic regression. In terms of the root means squared 

error (RMSE) in LSVR and QSVR, quadratic regression gives better 

precision than linear regression, as discussed in Table 6.1. Therefore, 
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the QSVR model is implemented to investigate the health degradation 

of endodontic instruments.   

 

Figure 6.11 Support vector regression model (a) LSVR and (b) QSVR 

The exponential degradation model curve reveals the degradation of 

endodontic instruments concerning the health index, as shown in Fig. 

6.10. The threshold value obtained is approximately 12 to 12.5 seconds. 

After that, the health index increases due to the deterioration of the 

(a) 

(b) 
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endodontic instrument. The obtained model is perfectly fitted within the 

confidence interval, as shown in Fig. 6.10. Generally, the dental 

practitioner took a few seconds to complete the root canal preparation. 

According to the American Association of Endodontists [231], utilizing 

the continuous rotation motion instrument takes 46.42 ± 18.12 seconds, 

whereas the reciprocating motion instrument takes 21.15 ± 6.70 seconds 

to complete the RCT [231]. Endodontic instrument does not wear 

enough during the canal preparation because of the simulated 

periodontal ligament of the oral cavity in an in-vitro study. Due to that, 

the deformation occurs in wider mid-file lands and narrow lands of the 

tip region. Simultaneously, heat initiation is started. Heat dissipation 

occurs in the endodontic instruments while performing the RCT [39,40], 

resulting in micro-fracture and instrument failure [138,141,143,232]. 

6.5 Conclusions 

The root canal is shaped and cleaned in this study through the WOG 

reciprocating endodontic instrument. The influence of the force signal 

on healthy, moderate, and faulty files has been investigated. The 

successive inferences are taken from the current study: 

• The reciprocating WOG endodontic faulty instrument 

significantly generated a higher force amplitude with respect to 

time than the healthy and moderate endodontic file. 

• The force signal shows the excellent performance capabilities of 

the QSVR algorithm statistically compared to the LSVR with the 

help of kernels, i.e., quadratic and linear, respectively. 

• The exponential degradation model accomplished the reliability 

and degradation characteristics of the endodontic instrument 

with sensory signals. The computed stochastic parameter 

acquired the information and comprehensively characterized the 

state of degradation of endodontic instruments. This state further 

evolves in the future health condition of the endodontic file. 

• In most cases, fracture or failure of the instrument happens due 

to repeated use. The flexural fracture occurred due to repeated 
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tension and compression in the curved root canal, and torsional 

failure occurred due to the twisting of the file through its 

longitudinal axis while the file was stuck in the canal at one end 

in the curved root canal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



136 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



137 
 

Chapter 7 

Prediction of apical extent using ensemble machine 

learning techniques 

 

This chapter aims to evaluate the dimensions of the apical extent 

following preflaring with primary treatment and retreatment on human 

extracted teeth under endodontic therapy using ensemble machine 

learning techniques. The nickel-titanium (NiTi) endodontic instruments 

are used for the root canal's biomechanical preparation. Inadequate 

biomechanical RCT procedure frequently leads to post-operative apical 

periodontitis. This results in severe gum inflammation that harms the 

soft tissues, if left untreated, may harm the bones of the root canals 

supporting teeth. Therefore, the dimension of the apical extent has been 

analyzed to obtain the proper RCT instrumentation and endodontic 

treatment. For this chapter, digital intraoral radiographic images have 

been recorded with the help of the Kodak Carestream Dental RVG 

sensor (RVG 5200). The RVG sensor is directly coupled with the CS 

imaging software (Carestream Dental LLC, NY) to acquire 

radiographs. Furthermore, the recorded images have been used to 

measure the dimensions of apical length. The ensemble classifiers are 

used in this chapter to classify the apical condition, such as apical 

extent, beyond the apical, and up to apical or perfect RCT, respectively. 

The ensemble bagged, boosted, and RUSboosted trees classifiers are 

used in this analysis. The maximum accuracy obtained through the 

ensemble bagged trees model is 94.2 %, the highest among the models. 

The machine learning approaches can improve the treatment practice, 

improve RCT results, and provide a suitable decision support system. 
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7.1  Introduction 

The RCT is recommended when a bacterial infection has harmed the 

pulp [136]. It has been deemed essential to estimate the apical dimension 

using an endodontic instrument to provide an adequate root canal during 

RCT [74,137,141]. Therefore, the measurement of the apical extension 

has been investigated in this work to achieve the appropriate RCT 

procedure. 

The technology has been employed in earlier studies in several areas of 

endodontics and dentistry research to assess dimensions of the epical 

extent. Few works dealt with the apical size, and some studies discussed 

the dimensions of a root canal. Ibelli et al. [45] measured the maxillary 

lateral incisors' apical size as an effect of cervical preflaring. 

Anatomically significant differences were observed in the apical 

dimension. Additionally, they showed that the correlation between 

anatomical data and file dimensions was accurate. Gesi et al. [233] 

investigated the apical extent dimension following the preflaring. The 

dimensions of the apical were established electronically using the largest 

instrument. The Mann-Whitney U test was employed to observe the 

distinction between the treatment group. The root canal's apical region 

seemed to have a larger diameter when there was periapical 

radiolucency. It includes checking each attribute to ensure that such 

tools are of appropriate sizes for successful canal operation. Kumar et 

al. [234] examined the influence of the apical dimension on vertical root 

failure. The authors used the lateral compaction technique to prepare the 

root canal using the rotary nickel-titanium (NiTi) or nitinol alloy 

instrument. The radiographic apex was used to acquire the apical root 

filling. Hung et al. [79] worked on root caries for diagnostic prediction 

using machine learning. The authors developed the support vector 

machine model to observe the best performance. Artificial intelligence 

applications were developed for the diagnosis of treatment, decision-

making, and prediction [77,191]. 
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The approach of dimension analysis of apical extension has been 

established in this chapter. This work used the digital radiographic 

sensor for image scanning, whereas CS imaging software is used for 

image acquisition and dimensional measurement. The ensemble 

machine learning technique has been employed to classify the apical 

condition of the root canal. This work helps to analyze the apical extent 

measurement after preflaring the root canal through endodontic 

treatment. The methodology and materials are briefly explained, which 

includes the sample preparation, biomechanical preparation, and root 

canal treatment. The principle and procedure of the digital radiograph 

through the RVG sensor are explained. This chapter also discussed the 

perfect filled, underfilled, and overfilled classes of the RCT-treated 

teeth, which have been examined for the current research. The measured 

apical dimension of the canal has been used as input for the machine-

learning technique. The ensemble learning classifiers, such as bagged, 

boosted, and RUSboosted trees, are employed to predict the apical 

extension following the RCT. This chapter concludes that the maximum 

accuracy and performance are obtained in the ensemble bagged trees 

classifier compared to the boosted and RUSboosted classifier. 

7.2  Material and methodology 

7.2.1 Sample preparation 

Three hundred human-extracted teeth were obtained from the College 

of Dental Science and Hospital Rau, Indore, India. Out of these, one 

hundred seventy-one human extracted teeth have been chosen for the 

biomechanical preparation. The hospital provided the extracted teeth 

contaminated with bacteria and germs. In this stage, extracted teeth 

require a cleaning process. Thus, before sample preparation, kept these 

teeth in hydrogen peroxide for a week to properly eliminate the bacteria 

from the surface. As mentioned in chapter four, the manual sample 

preparation method is also used in this chapter, as shown in the updated 

procedure in Fig. 7.1. After being kept for a week, clean each tooth 

again. After that, use the cold setting powder and liquid material to make 
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the cold mounting. Once dried, remove the mould and get the final 

produced tooth sample. 

 

Figure 7.1 Methodology for the sample selection and preparation  

For collecting the human-extracted teeth, the individual from whom the 

teeth samples had been collected were free from other diseases or 

systemic conditions. In the current research work, the following 

inclusion criteria was used: 

• No previous treatment: any prior endodontic procedures, such 

as root canal therapy or apicoectomy, have not been performed 

on the extracted tooth because they can alter its morphology 

and functional characteristics. 

• Posterior teeth were preferred: the back teeth, including the 

premolars and molars, are referred to as posterior teeth. 

• No restoration: after extraction, restorations like fillings or 

crowns should not change the anatomy and characteristics of 

the tooth. 

• Initial carries teeth were carefully chosen with good root 

morphology. 

• Extracted teeth with more than one root canal or multiple root 

canal teeth were preferred. 
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• While teeth from various age groups may have various features 

and characteristics, the age of the tooth donors may also be an 

important consideration. Thus, the donor age considered in this 

study was in between 21 to 50 years. 

 

7.2.2 Biomechanical preparation (BMP) 

Following the teeth samples' preparation, the biomechanical preparation 

process begins to locate the root canals. An airotor is used to commence 

the canal preparation. The airotor provides the initial ditch to the tooth's 

enamel rotating at a very high speed. Since the enamel is the hardest part 

of the body, it requires the optimum ditching speed using pneumatic 

pressure. Preliminary, the round diamond burr and the straight diamond 

burr (Prime Dental Product Pvt. Ltd.) are used to open the access. 

Simultaneously, water injection and irrigation are provided 

continuously throughout the root canal preparation with the help of a 

three-way syringe [5,151,235]. The biomechanical preparation process 

includes irrigation, which aids in eliminating necrotic tissue when 

finding and cleaning the root canal [5,111,151]. The hand-driven 

endodontic file system and micromotor were employed to observe the 

root canal in the teeth sample. To make the canals lengthen, more 

uniformly shaped and enlarge them using a series of hand-driven 

endodontic files. Once the root canal is identified, endodontic treatment 

can then begin. The proposed approach predicts the apical extent during 

endodontic treatment using a machine learning technique, as shown in 

Fig. 7.2. 
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Figure 7.2 Proposed methodology of analysis of apical extent 

dimension 

7.2.3 Root canal treatment (RCT) 

Once the root canal has been found from the mounted sample, the RCT 

process can begin after biomechanical preparation is done. Through 

RCT, the infected and inflamed pulp is removed with the help of an 

endodontic instrument. The flat top of the tooth, known as the crown, is 

opened using an endodontic file to gain access to the soft tissue inside 

(i.e., pulp) and eliminate any leftover infected debris [7]. The X-smart 

plus endo-motor (Dentsply, Maillefer, Switzerland) and the motor-

driven endodontic file are used for shaping and cleaning during the RCT. 

Following the pulp removal, the root canal is cleaned and lengthened, 

so filling it might be achievable [48,236]. The duration of the procedure 

increases with the number of roots a tooth possesses. Root canal therapy 

is an effective treatment for preserving the tooth and curing the 

infection. 
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7.3 Digital radiographic analysis 

The digital radiograph has been taken from the Kodak Carestream 

Dental RVG 5200 Sensor, which is very sophisticated, sensitive, and 

reliable. This sensor is used for medical imaging and dentistry for digital 

radiographs [237], as shown in Fig. 7.3. In 1987, the French dentist Dr. 

Francis Mayen invented digital radiography for medical imaging. 

Various adjustments are made, and current concepts are being 

established for its application due to this digital technology's 

effectiveness. RadioVisioGraphy is another name for digital 

radiography, and this procedure employs an RVG sensor [238,239]. In 

dentistry, this technology is utilized in place of x-ray radiography [238]. 

The sensor provides higher photos attributable to the cooperation of a 

high-sensitivity scintillator, fiber optics, and high-resolution rugged 

CMOS (complementary metal-oxide semiconductor) sensor. The Kodak 

Carestream Dental provides two sides of the RVG sensor, one side 

provides the sensor, and another gives the cable connector. The X-ray 

radiation is used to expose the endodontic treated sample for 

examination, and then the sensor records the light that has been 

refracted. The recorded photograph is immediately processed and 

transformed into digital data through analog-to-digital converters using 

CS imaging software (Carestream Dental). The dedicated laptop 

receives the digital data and enables reviewing of the images 

immediately. 

7.3.1 Perfect RCT  

Analyze the obtained digital radiograph in this step. In a perfect RCT or 

perfect filled category, the apical region of the endodontic file is filled 

to the apical portion. The endodontic procedure is completed without 

any inaccuracies. 
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Figure 7.3 Schematic diagram of digital radiographic analysis 

7.3.2 Apical extent 

The effects of the post-RCT process appear to be most significant at the 

apical level. In this condition, the endodontic file suffered too short of 

the radiographic apex, and the file did not reach out to the root canal 

apical section. The underfilling happens due to the canal blockages 

inside the root canal, which is visible as an outcome. 

7.3.3 Beyond apical 

The endodontic instrument reaches beyond the apical portion of the 

apical root canal; this situation is overfilled or beyond the apical. 

Sometimes, the endodontic file proceeds beyond the root canal due to 

excessive force during the endodontic treatment. The treatment becomes 

overfilled. 

7.4 Results 

7.4.1 Apical dimension measurement 

The dimensional analysis of apical extent has been carried out following 

the endodontic treatment and retreatment. Through the RVG sensor, 

X-ray 

Machine 

X-ray  
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RCT treated sample 

X-ray beam 
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images have proceeded with the help of CS Imaging software 

(Carestream Dental LLC, NY). During the radiograph acquisition, there 

is a time limit for the x-ray exposing the treated sample. Depending on 

the objects and scanning equipment, the optimum exposure times for 

digital scanning ranged from 0.02 to 0.13 seconds [240,241]. This 

analysis utilized the 0.09 seconds as an x-ray expose time for exposing 

and scanning the tooth. This is the optimal exposure time for object 

observations and sensing equipment. The high-resolution radiograph 

with proper sharpness is achieved through the optimal parameters, as 

shown in Figs. 7.4 and 7.5. The digital images must be adjusted by 

altering the contrast and brightness through the CS Imaging software to 

maximize the visibility of measurement areas. 

7.4.1.1 Radiographic images before the dimensional measurement 

The digital images are categorized into three categories after 

visualization: perfect RCT images, apical extension images, and beyond 

the apical images, respectively, as shown in Fig. 4. From the total of one 

hundred sixty-four endodontic RCT-treated teeth sample images, each 

category is analyzed, such as perfect RCT images (𝑛 = 50), apical 

extension images (𝑛 = 88), and beyond the apical (𝑛 = 26), 

respectively. In perfect RCT images, most endodontic files are 

penetrated up to the apex, as shown in Fig. 7.4 (a). However, Fig. 7.4 

(b) shows the apical extension, where the endodontic file could not reach 

the apex position. In another case, the endodontic file penetrated beyond 

the apical length during the endodontic treatment, as shown in Fig. 7.4 

(c). 

7.4.1.2 Radiographic images after the dimensional measurement 

After measuring the dimension of apical extension from the endodontic-

treated root canals, digital radiographs are analyzed for all three 

categories, as shown in Fig. 7.5. The blue colour box denoted the 

zoomed images of the root canal after the cleaning and shaping, as 

shown in Fig. 7.5 (a-c). The green colour line represents the measured 

dimension of the canal in Fig. 7.5 (b-c), whereas Fig. 7.5 (a) shows only 
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the apex position of the endodontic file. The perfect RCT has been 

observed in Fig. 7.5 (a) because the root canal is entirely clean and 

shaped. The perfect apical length is observed when performing RCT in 

a straight root canal. In Fig. 7.5 (b), the RCT-treated image 

demonstrated the apical extent. It happened because of the chance of 

canal blockage in the presence of debris, dead tissue, the complexity of 

the root canal and complex canal anatomy, etc. Beyond the apical or 

overfilled endodontic treated radiographic image is shown in Fig. 7.5 

(c). The endodontic tool penetrated beyond the apical length due to the 

improperly executed RCT or the access load applied to the instrument 

during the RCT. Measurement of the apical dimension during RCT with 

the following condition: perfect RCT, apical extent, and beyond the 

apical has been evaluated through the measured data, as shown in Fig. 

7.6. 

Figure 7.4 Radiographic images analysis before the dimensional 

measurement (a) perfect RCT, (b) apical extent, and (c) beyond apical 

Figure 7.5 Radiographic images analysis after the dimensional 

measurement (a) perfect RCT, (b) apical extent, and (c) beyond apical 
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Figure 7.6 Apical dimensional measurement during RCT with the 

following condition: perfect RCT, apical extent, and beyond the apical  

7.4.2 Performance of the ensemble models 

The ensemble machine learning technique has been implemented in this 

study to classify the apical extension of the root canal during the RCT. 

The ensemble techniques combine multiple base models to create a 

single optimum predictive model. When using this learning technique, 

many different models are considered and averaged to create a final 

model. Analyze the optimum model accuracy with their performance 

through these ML approaches. This approach uses ensemble machine 

learning such as ensemble bagged trees, boosted trees, and RUSboosted 

trees. 

7.4.2.1 Ensemble bagged trees 

Bootstrap Aggregation, often recognized as Bagging, is also commonly 

referred to as ensemble learning because it establishes a model by 

combining Bootstrapping and Aggregation. Bagged trees are a well-

known machine-learning approach that significantly boosts the 

prediction power of a single decision tree [242]. A key concept behind 

bagged trees is that they rely on various decision trees instead of one, 

which enables them to take advantage of the expertise of multiple 

models. 
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7.4.2.2 Ensemble boosted trees 

Like the bagged trees, a collection of decision trees is combined with 

the boosting ensemble approach to produce boosted trees. Boosted trees 

correct mistakes made by earlier decision trees. The errors of trees from 

earlier rounds are considered while creating new trees. Consequently, 

new trees are produced following one another. Every tree depends on 

the one before it. Sequential learning is the name given to this sort of 

learning approach. 

7.4.2.3 Ensemble RUSboosted trees 

Random Under Sampling is referred to as RUS. The RUSBoosted is 

adept at recognizing unbalanced data and indicating that a training data 

class contains fewer entries than another. In contrast to individual trees, 

distributed training data are integrated into a robust classifier and 

repeatedly run-on base learners. 

The confusion matrix shows that the training accuracy of the ensemble 

machine learning models is exceptionally good than the testing dataset, 

as shown in Fig. 7.7 and 7.8. The classifier successfully detects the 

model's positive class and true positive rate. The observed accuracy of 

the training model, such as ensemble bagged trees, boosted trees, and 

RUSboosted trees, are 94.2%, 91.7%, and 90.8%, respectively. Whereas 

the testing accuracies of the models are 88.2%, 90.2%, and 90.2%, 

respectively, as shown in Table 7.1. The performance of the models 

includes the precision, sensitivity, specificity, accuracy, and F1 score, 

respectively. 

Figure 7.7 Confusion matrix of training data with their ensemble 

learning models 
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Figure 7.8 Confusion matrix of testing data with their ensemble learning 

models 

Table 7.1 Performance evaluations of the ensemble machine learning 

models 

 

7.5 Discussion 

In dentistry, machine learning (ML) may anticipate periapical illnesses, 

root canal failure, apical dimension, endodontic treatment, and 

retreatment procedures [66,76,77,79,82]. Several dental professionals 

believe that the primary intention of RCT is pulp removal and that 

dentine removal is superfluous [170]. It is a significant misperception 

that contributes to the high failure rate of RCTs [170]. Even after 

cleaning and shaping, it is impossible to be sure that all infectious 

dentine is removed. Consequently, removing the affected and 

inflammatory debris from the root canal is crucial. Otherwise, the 

endodontic file does not penetrate properly inside the root canal. 

Thereafter, the overfilled and underfilled endodontic treatments are 

Performance 
Bagged tree Boosted tree RUS boosted 

Train Test Train Test Train Test 

Precision (%) 90.32 86.11 85.41 88.24 84.15 87.73 

Sensitivity (%) 88.96 83.63 87.44 86.97 86.94 88.78 

Specificity (%) 96.85 93.77 95.64 94.92 95.33 95.26 

Accuracy (%) 94.16 88.23 91.66 90.19 90.83 90.19 

F1 score (%) 89.6 84.54 86.32 87.52 85.33 85.19 
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observed. The adequately filled, underfilled, and overfilled apical length 

dimensions are studied through the current work. 

The Carestream Dental RVG 5200 sensor is used to acquire the 

radiographic images for the extent of apical dimensional analysis. The 

measurement data is post-processed through MATLAB software 

(MathWorks, U.S.). Fig. 7.9 and 7.10 represent the area under the curve 

(AUC) and receiver operating characteristic (ROC). This curve is used 

to estimate the accuracy of the model. The maximum and minimum 

AUC of the training datasets are 0.96 and 0.93, as shown in Fig. 7.9. The 

maximum and minimum AUC of the testing datasets are observed as 

0.96 and 0.91, as shown in Fig. 7.10. Table 1 demonstrates the 

performance of the ensemble machine learning model, including the 

precision, sensitivity, specificity, and F1 score. The ensemble bagged 

trees model provides excellent results based on their outcomes. The 

bagged trees noticed the best accurate prediction model when analyzing 

the apical extension during the biomechanical preparation of the root 

canal. 

Before figuring out the dimension of the apical extent, it's advised to 

preflare the mid and coronal parts of the canal. The margin of error in 

medical observations of the apical size cannot be eliminated, although it 

can be minimized [233]. In order to achieve appropriate apical section 

cleaning, a few of the works of literature have recommended that the 

root canal's apex section be extended three times higher than the initial 

files that clinically correlate to the working size [7,140,233,234,243]. 

Endodontic instruments are used more than the recommended size in 

straight root canals. It may be able to decrease the number of debris and 

germs still present in the section of the canal. Cleaner canals are 

produced in more significant apical lengths, which may help to enhance 

performance. Treatment failure may occur if canals are not cleaned, 

particularly near the apex [244]. The current work uses machine learning 

techniques to provide practitioners with appropriate clinical decision 

support systems for measuring the apical extent through biomechanical 

root canal preparation. 
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Figure 7.9 ROC and AUC performance curves of the training datasets 

Figure 7.10 ROC and AUC performance curves of the testing datasets 

7.6 Conclusions 

In the current work, the dimensional analysis of apical extent on the root 

canal after primary treatment and retreatment on human extracted teeth 

during endodontic treatment has been studied using the machine 

learning technique. The apical extension measurement has been 

analyzed with the help of a radiographic examination. From this 

research, the following conclusions are drawn: 

• The approach for analyzing digital radiography images worked 

incredibly well for determining the apical extent dimensions. 

Maintaining the post-preflaring using endodontic tools and 

examining the apical region of the root canals impact the degree 

of root canal curvature. 

• Due to the root canal's anatomical foramen and anatomical 

variation, the dimension of the apical extension has been 

observed in the class of apical extent 
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• The maximum feature value is observed in the apical extent 

class. The minimum feature value is achieved in the perfect RCT 

or adequately filled endodontic-treated canal. 

• According to the current investigation, ensemble bagged trees 

enhance the performance assessment of training and testing 

datasets compared to boosted trees and RUSboosted trees, with 

an accuracy of 94.2%. 

The apical size of the root canal after the treatment is the measure 

concern while performing the RCT. This chapter offers an 

understanding of the radiographic analysis of the three different 

effects of post endodontic treatments. This research analyzes the root 

canal's apical extent following the endodontic treatment. 
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Chapter 8 

Conclusions and scopes for future works 

 

The research focuses on the endodontic instrument's force and vibration 

analysis during root canal treatment. Biomechanical preparation of 

human-extracted teeth, root canal cleaning, and shaping have been 

investigated in this research work. The significant contributions are 

highlighted, and the overall thesis research work is summarized in this 

chapter. Additionally, this chapter lists the research's potential 

continuation and future scope. 

 

This thesis presents novel and innovative methodologies for force and 

vibration analysis of the endodontic file during the biomechanical 

preparation of RCT. Additionally, three-dimensional finite element 

analysis has been carried out to analyze the mechanical behaviour of 

endodontic instruments when penetrated inside the root canal. The 

tooth-file assembly has been modeled with the help of a micro-drilling 

approach to simulate the real-life condition of root canal preparation 

during RCT. Explicit dynamic simulations have been carried out in the 

computer-aided engineering package ANSYS for three different 

endodontic files: TwoShape (TS1 and TS2) and WaveOne Gold (WOG). 

The results obtained from the FEA modeling facilitate the accurate 

knowledge simulation and their respective contours. The outcomes 

revealed a significant difference in the deformation, equivalent elastic 

strain, equivalent stress of endodontic files, and tooth assembly.  

The force and vibration analysis are carried out during RCT. Endodontic 

instruments for reciprocating and rotary motion have been used for root 

canal preparation. Force and vibration signals were recorded by 

dynamometer and accelerometer, respectively. In most cases, the failure 

occurred due to the improper use of the root canal instrumentation. The 

optimum force was used to avoid file failure and provide the proper 
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instrumentation. An endodontic instrument may sometimes fail for 

reasons beyond the dentist's control. A comprehensive assessment and 

decision support system for an endodontist may avoid several failures. 

This research proposes a machine learning and artificial intelligence-

based approach that can help to diagnose instrument health.  

An intelligent health prediction and fault prognosis of the endodontic 

file during RCT has been proposed using the recorded force signals. 

Characteristic features for endodontic file prognostics include time-

domain features of the signals are evaluated. The health index is defined 

using denoised features to calculate the health condition of the 

endodontic instruments. A machine learning algorithm and exponential 

degradation model are used to predict the degradation of the endodontic 

file so that actions can be taken before actual failures happen. This 

approach can analyze the failure initiation of the endodontic 

instruments. To evaluate the dimensions of the apical extent after 

preflaring with the primary treatment and retreatment on human 

extracted teeth during endodontic treatment with the help of an ensemble 

of machine learning techniques. Utilizing the Dental RVG sensor, 

digital intraoral radiography images have been acquired. Additionally, 

the captured photos have been used to calculate apical dimensions. The 

measured apical dimension of the canal has been used for the machine 

learning technique to classify the apical condition, such as apical extent, 

beyond the apical, and up to apical or perfectly RCT. 

8.1 Conclusions  

The major conclusions from the present investigations are summarized 

as follows: 

• The simulation outcomes show the value of maximum 

deformation in the TS1 endodontic file at the narrow lands of the 

tip region, wider mid-file lands, and shank region due to the 

flared root canal. The minimum von-Mises stress in WOG 

endodontic file is observed on the shank region and the point of 
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contact during RCT. The maximum von-Mises stress is observed 

in the TS1 endodontic file compared to the WOG and TS2 

endodontic files. Thus, the root canal using TS2 and WOG 

endodontic files is more suitable in RCT than the TS1 

endodontic file. 

• The NiTi alloy-based endodontic instrument possesses 

superelastic behaviour. Because of the superelastic behaviour, 

the maximum equivalent elastic strain was obtained in the TS1 

endodontic file at the narrow tip region and in the internal canal 

surface. It is observed when the endodontic file penetrates during 

the root canal preparation. 

• In biomechanical preparation, it is observed that as the force 

increases, vibration amplitude increases significantly. The 

failure of endodontic files is caused by excessive vibration and 

force due to overloading in uneven morphology of the root canal. 

• The importance of denoising is observed in the regression 

analysis as the denoised signals established a good association 

between force and vibration. The best R2 values for WOG and 

TS endodontic files found for root mean square values with raw 

signals are 90.1% and 89.1%, respectively. In comparison, 

92.25% and 89.85% for WOG and TS endodontic file 

association are established for the maximum values of the 

denoised signals. 

• Endodontic file's health can be efficiently diagnosed by 

analyzing the force signals using QSVM, GNB, and FKNN with 

higher precision, sensitivity, and other performance parameters. 

• The SMOTE algorithm, an oversampling approach with 

enhanced instances of minority classes, is found to balance the 

dataset so that the classification accuracy improves 

considerably. The study reveals that the ensemble bagged tree 

(EBT) and fine k-nearest neighbour (FKNN) enhances the 

performance of training and testing datasets compared to other 

methods. EBT and FKNN have shown 98.95% and 97.56% 
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accuracy, respectively. 

• The current work uses machine learning techniques to diagnose 

the health condition of endodontic instruments, providing 

practitioners with adequate clinical decision support systems. 

• The reciprocating WOG endodontic faulty instrument 

considerably produced a higher force amplitude with respect to 

time as compared to the healthy and moderate endodontic file. 

The force signal demonstrates the excellent performance 

capabilities of the QSVR algorithm compared to the LSVR with 

the help of kernels, i.e., quadratic and linear, respectively. 

• The exponential degradation model accomplished the reliability 

and degradation characteristics of the endodontic instrument 

with sensory signals. The computed stochastic parameter 

acquired the information and comprehensively characterized the 

state of degradation of endodontic instruments. This model aids 

in predicting the future health condition of the endodontic file. 

• The methodology for evaluating digital radiography images 

worked incredibly well for estimating the apical extent 

dimensions. Maintaining the post-preflaring using endodontic 

files and examining the apical region of the root canals impact 

the degree of root canal curvature. According to the current 

investigation, ensemble bagged trees enhance the performance 

assessment of training and testing datasets compared to boosted 

trees and RUSboosted trees, with an accuracy of 94.2%. 

 

8.2 Scopes for the future works 

The research and invention of a novel approach for force and vibrations 

signals-based endodontic treatment are described in this work. It can be 

expanded in certain aspects in facilitating decision-making for 

endodontic clinicians and dental health care. Establishing a system of 

clinical support will be beneficial. Additionally, this research can be 

beneficial for minimal invasive RCT treatment and improve the 

performance of the endodontic treatment. 
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• Development of the vibration characteristics model of 

endodontic instruments during RCT using the 3D- FEA analysis 

• Develop the mechanical characteristic approach of endodontic 

instruments before and after the biomechanical preparation 

• Similarity-based remaining useful life estimation can be utilized 

to analyze the health condition of the endodontic instruments 

during root canal preparation 

• An artificial intelligence-based model can be developed to 

predict the endodontic instrument fracture and provide an 

indicator to avoid the facture of the instrument 

• Development of the AI and ML-based model for faults diagnosis 

of the endodontic file during the RCT using current signals 
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