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Aims and Scope of the Series

This book series will offer a comprehensive overview of recent research trends as
well as clinical applications within different specialties of dentistry. Topics will
include overviews of the health of the oral cavity, from prevention and care to
different treatments for the rehabilitation of problems that may affect the organs
and/or tissues present. The different areas of dentistry will be explored, with the
aim of disseminating knowledge and providing readers with new tools for the
comprehensive treatment of their patients with greater safety and with current
techniques. Ongoing issues, recent advances, and future diagnostic approaches
and therapeutic strategies will also be discussed. This series of books will focus on
various aspects of the properties and results obtained by the various treatments
available, whether preventive or curative.
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Preface

Despite considerable advances in curative and preventive dentistry, edentulism
remains a global challenge. Teeth loss not only affects mastication and speech, but
may also result in poor esthetics and negatively impact the individual’s health status,
quality of life, self-esteem, and social integration.

The treatment approach is highly dependent on the severity of tooth loss. However,
with the highly effective teeth replacement solutions currently available, both func-
tion and esthetics can be completely restored. Novel material choices with improved
characteristics, as well as modern manufacturing methods, underlie the selection of
the most appropriate prosthetic solution to address both functional and esthetic issues.

Digital dentistry significantly speeds up treatment protocols and reduces manual
work, resulting in high-quality prosthetic solutions and happy patients.

Recent developments include self-monitoring prostheses, Al-powered design plat-
forms, and bioprinted regenerative denture bases. These advancements improve
customization, durability, hygiene, and patient satisfaction. Nonetheless, challenges
regarding accessibility, clinicians’ and dental technicians’ training, and the ethical
management of digital data remain.

Practically speaking, at present, a proper prosthetic solution is available, even for the
most challenging cases.

The field of denture therapy is shifting towards a new paradigm of personalized,
intelligent, and sustainable prosthetics. Modern dentures have advanced way beyond
the ones our grandparents used to wear.

To successfully incorporate these technologies into routine care, continuous
interdisciplinary research and clinical validation are essential.

Lavinia Cosmina Ardelean

Academic Department of Technology of Materials and Devices in Dental Medicine,
“Victor Babes” University of Medicine and Pharmacy,

Timisoara, Romania

Laura-Cristina Rusu

University Clinic of Oral Pathology,

“Victor Babes” University of Medicine and Pharmacy,
Timisoara, Romania






Chapter 1

Edentulism and Systemic Disease:
A Comprehensive Review of
Oral-Systemic Health Interactions

Felicia Gabriela Beresescu, Simona Gabriela Mucenic
and Andrea Bors

Abstract

Edentulism, or complete tooth loss, is a significant public health problem with
consequences that extend far beyond the oral cavity. Functionally, edentulism impairs
chewing, speech, and oral proprioception, leading to progressive alveolar bone
resorption and altered temporomandibular joint function. Nutritionally, edentulous
individuals often adopt a softer, carbohydrate-rich diet, resulting in deficiencies
of essential nutrients and contributing to systemic health deterioration. Poor mas-
tication also stresses the gastrointestinal system, potentially leading to digestive
disorders. Psychologically, toothlessness is associated with decreased self-esteem,
depression, social withdrawal, and reduced quality of life. Changes in facial esthet-
ics further exacerbate emotional distress. Systemically, edentulism is associated
with increased risk of cardiovascular disease, diabetes, cognitive impairment, and
mortality, likely through pathways involving chronic inflammation, malnutrition,
and reduced cerebral stimulation. Effective management of edentulism requires more
than prosthetic rehabilitation. While full dentures and implant-supported overden-
tures restore oral function, comprehensive care must also address nutrition, psy-
chological support, and monitoring for systemic disease. With a rapidly aging global
population, recognizing edentulism as a condition with broad systemic implications is
critical to improving overall patient outcomes and public health strategies.

Keywords: teeth loss, edentulism, anatomic changes, physiological changes, systemic
disease associated with edentulism

1. Introduction

Edentulism, or the complete loss of natural teeth, remains a major public health
problem worldwide, particularly among the aging population. Despite advances in
preventive dentistry, oral hygiene education and restorative technologies, edentulism
continues to affect millions of people worldwide, particularly in socioeconomically
disadvantaged and medically compromised groups. According to the World Health
Organization, edentulism is one of the most prevalent chronic diseases with a signifi-
cant impact on both oral and systemic health outcomes [1].

1 IntechOpen
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Cascade of Systemic Effects
from Edentulism
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Figure 1.
Cascades of systemic effects from edentulism.

Historically viewed as an inevitable consequence of aging, the perception of eden-
tulism has changed in recent decades. Tooth loss is now recognized as a marker of past
disease burden-primarily from dental caries and periodontitis-and as an indicator
of broader health inequalities [2]. Beyond its status as a clinical endpoint; however,
complete tooth loss has far-reaching physiological, nutritional, psychological, and
social implications for individuals. These effects extend beyond the oral cavity, affect-
ing systemic health, general well-being, and even mortality risk [3].

This chapter reviews the multifaceted consequences of complete tooth loss on the
human body, highlighting the functional, nutritional, psychological, and systemic
implications and emphasizing the need for an integrated, interdisciplinary approach
to management and rehabilitation (Figure1).
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2. Functional and structural changes

Functional and structural changes in edentulism profoundly alter the function and
structure of the stomatognathic system. The absence of natural teeth results in marked
changes in mastication, phonetics, proprioception, and the anatomy of the oral and
maxillofacial structures. These changes not only affect daily oral activities but also
initiate a cascade of degenerative changes that can have systemic implications [2].

Structurally, the absence of teeth initiates progressive alveolar bone resorption.
Without the mechanical stimulation provided by the periodontal ligament, the alveo-
lar bone undergoes continuous atrophy. Mandibular resorption typically proceeds at a
faster rate than maxillary resorption, resulting in characteristic facial changes such as
reduced lower facial height, deepened nasolabial folds, and a prognathic mandibular
appearance. These changes not only compromise denture stability but also affect
facial esthetics and psychological well-being [4, 5].

2.1 Impairment of chewing and digestive function

The immediate functional deficit of edentulism is the significant reduction in
chewing efficiency. Natural teeth, supported by the periodontal ligament and alveolar
bone, provide both the mechanical breakdown of food and the sensory feedback nec-
essary for controlled, efficient mastication. With the loss of teeth, patients experience
areduction in maximum bite force of approximately 75-85% compared to dentate
individuals [6]. As aresult, food is often inadequately processed in the oral phase of
digestion, increasing the burden on the stomach and intestines.

Inefficient chewing leads to the avoidance of hard, fibrous foods such as raw
vegetables, nuts, and meat. Instead, edentulous individuals prefer softer, processed
foods, contributing to an unbalanced diet, increased risk of malnutrition, and long-
term systemic health consequences [7].

2.2 Alveolar bone resorption

One of the most profound structural consequences of edentulism is progressive
alveolar bone resorption.

Atwood’s classic studies (1971) demonstrated that residual ridge resorption follows
a chronic, irreversible, and cumulative pattern. The rate of mandibular bone loss is
approximately four times that of the maxilla, resulting in characteristic anatomic changes
such as a narrow, knife-edge mandibular ridge and loss of vertical facial height [5].

Clinically, extensive ridge resorption complicates prosthetic rehabilitation by reduc-
ing denture stability and retention, often requiring more complex treatments such as
implant-supported overdentures or extensive ridge augmentation procedures [8, 9].

2.3 Changes in facial morphology and esthetics

Edentulism has a dramatic effect on facial morphology, contributing to an aged
and collapsed appearance. The loss of alveolar support results in:

* Decreased inferior facial height (vertical dimension of occlusal collapse).
* Deepening of the nasolabial folds and marionette lines.

* Thinning and drooping of the lips due to loss of lip support.
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* Increased chin prominence (pseudoprognathism).
* Flattened midface profile.

These esthetic changes often have a profound psychological and social impact on
patients, further emphasizing the link between functional loss and emotional well-
being [10].

2.4 Changes in the temporomandibular joint (TM])

The stomatognathic system is based on the harmonious interaction of teeth,
muscles, and joints. Edentulism disturbs this balance.

The loss of occlusal support alters the mandibular posture and leads to anterior
rotation of the mandible. Patients often compensate with abnormal muscle patterns,
which can lead to muscle fatigue, myofascial pain, and temporomandibular disorders
(TMD) [9].

In cases of severe alveolar ridge resorption and poorly fitting dentures, excessive
functional loading of the condyles can further aggravate degenerative changes in the
TM]J complex, leading to joint dysfunction, pain, and limitation of mandibular move-
ment [9, 10].

2.5 Loss of proprioception and neuromuscular control

Following edentulism, the loss of periodontal proprioception leads to a reduction
in oral sensory capacity. Patients have a reduced ability to modulate bite force and
chewing rhythm, often resulting in inefficient and uncoordinated mastication [11].

This neuromuscular deficit is particularly challenging for elderly patients who
already suffer from age-related declines in sensorimotor control, exacerbating func-
tional deficits and difficulties in adapting to dentures.

2.6 Speech disorders

Teeth play an essential role in the articulation of certain phonetic sounds. Loss of front
teeth affects the production of fricative sounds (“f;” “v;” “s,” “2”) and sibilants [12].

Edentulous patients often complain of slurred speech, whistling, or difficulty
pronouncing certain words, which can contribute to social embarrassment and with-
drawal. Therefore, appropriate prosthetic rehabilitation must not only restore masti-
cation but also facilitate phonetic function through careful placement of dentures and
contouring of denture bases [12].

Comprehensive rehabilitation strategies must address both the mechanical and bio-
logical aspects of edentulism to restore not only oral health but also overall quality of life.

3. Nutritional and gastrointestinal implications

The functional impairment caused by edentulism has a significant impact on
dietary intake and gastrointestinal health. Tooth loss, by limiting chewing efficiency,
triggers a series of dietary changes and physiological adaptations that adversely affect
systemic nutrition and digestion. These effects are particularly severe in the elderly,
who are already prone to malnutrition and gastrointestinal dysfunction [7].
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The systemic implications are profound, with associations between nutritional
deficiencies associated with edentulism and an increased risk of cardiovascular
disease, diabetes mellitus, osteoporosis, and cognitive decline. Thus, the impact of
edentulism on nutrition and gastrointestinal function plays a key role in the deteriora-
tion of systemic health [13].

3.1 Dietary changes and reduced nutrient intake

One of the most immediate consequences of edentulism is a change in dietary
choices. Edentulous individuals consistently report avoiding foods that are difficult
to chew, such as fresh fruits, raw vegetables, nuts, and meat [7]. Several large-scale
epidemiologic studies, including data from the National Health and Nutrition
Examination Survey (NHANES), have confirmed that edentulous individuals con-
sume significantly fewer servings of fruits and vegetables and lower levels of fiber,
calcium, vitamin C, and vitamin D than those with teeth [13, 14].

This shift away from nutrient-rich foods leads to chronic deficiencies that can
compromise immune function, delay wound healing, and exacerbate the aging
process [13].

3.2 Increased risk of malnutrition and sarcopenia

Malnutrition is a major public health problem among older edentulous patients.
According to studies by Walls and Steele [15], edentulism is independently associated
with malnutrition, even after controlling socioeconomic status and other health-
related behaviors [15].

Inadequate intake of high-quality protein, essential fatty acids, and micronutri-
ents contributes to the development of sarcopenia—the age-related loss of skeletal
muscle mass and strength. Sarcopenia significantly increases the risk of falls, frailty,
hospitalization, and mortality in older adults [16].

The interaction between poor oral health and systemic frailty highlights the need
to consider oral rehabilitation as an integral part of geriatric care planning.

3.3 Gastrointestinal consequences of poor mastication

Mechanical breakdown of food during chewing is the first step in digestion and is
essential for reducing particle size and increasing the surface area available for enzy-
matic action. Inadequate chewing due to tooth loss results in the ingestion of larger
food particles, which has several adverse effects on gastrointestinal function [17, 18]:

* Delayed gastric emptying: larger food particles require more time to break down
in the stomach, leading to prolonged gastric emptying time and symptoms of
bloating and postprandial discomfort [17].

* Dyspepsia and gastroesophageal reflux: inadequately chewed food can con-
tribute to gastroesophageal reflux disease (GERD) and dyspeptic symptoms by
increasing intragastric pressure and disrupting normal digestive processes.

* Reduced nutrient bioavailability: larger food particles may not be fully digested,
reducing the efficiency of absorption of essential nutrients such as iron, calcium,
and protein in the small intestine [18].
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These gastrointestinal disorders not only affect quality of life, but over time may
contribute to systemic nutrient depletion and the development of chronic gastrointes-
tinal diseases.

3.4 Association with systemic diseases

Nutritional deficiencies associated with edentulism have been implicated as risk
factors for several systemic diseases:

* Cardiovascular disease: low intake of antioxidant-rich foods (e.g., fruits,
vegetables) increases oxidative stress and inflammation, key factors in
atherosclerosis [19].

* Diabetes mellitus: poor dietary control and low fiber intake may exacerbate
insulin resistance.

* Osteoporosis: low calcium and vitamin D intake increases the risk of bone
demineralization.

* Cognitive decline: inadequate intake of essential fatty acids, vitamins
B6, B12, and folate, which are essential for brain health, may accelerate
neurodegeneration [4].

Recognizing and addressing these nutritional and gastrointestinal conse-
quences through early prosthetic rehabilitation, dietary counseling, and interdis-
ciplinary care are essential to improving health outcomes and quality of life for
edentulous patients.

4. Psychological and social impact

Tooth loss impacts not only physical function but also psychological well-being
and social life. The facial changes caused by edentulism often lead to low self-esteem,
embarrassment, and social withdrawal. Many patients avoid speaking or eating
in public because of concerns about denture stability or speech clarity, which can
contribute to depression and isolation. In addition, reduced chewing ability has been
linked to cognitive decline, highlighting the broader neurological consequences of
edentulism, especially in older adults [10, 12, 20].

4.1Impact on self-esteem and body image

Teeth contribute significantly to facial esthetics, speech and expression and are
an essential part of individual identity and social presence. Tooth loss often leads
to significant changes in facial appearance, including sunken cheeks, thinner lips,
accentuated chin prominence, and general facial collapse due to loss of vertical
dimension [12].

These changes can drastically affect a person’s perception of their physical appear-
ance, leading to low self-esteem and negative body image. One study found that
tooth loss is consistently associated with feelings of inferiority, embarrassment, and
premature aging [10].
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4.2 Development of social anxiety and isolation

Missing teeth significantly affects important social functions such as smiling,
speaking, and eating in public. Many edentulous individuals feel embarrassed about
their appearance or fear that their dentures will fall out during conversations or
meals. As a result, they may limit their social activities, avoid eating in public, and
minimize social interactions [21].

Social isolation, in turn, has well-documented associations with adverse health
outcomes, including increased risk of depression, cognitive decline, and cardiovascu-
lar disease [20]. The cyclical relationship between edentulism, social withdrawal, and
systemic health deterioration underscores the broad impact of tooth loss on overall
well-being [20, 21].

4.3 Mental distress and depression

Several studies have found a direct relationship between edentulism and symp-
toms of depression. Gerritsen et al. conducted a systematic review and found that
edentulous individuals reported higher levels of psychological distress than those
with natural teeth [22].

In the older population, particularly those already at risk for mood disorders due to
factors such as retirement, loss of a loved one, and declining health, edentulism may
exacerbate mental health vulnerabilities [22].

4.4 Communication difficulties and language disorders

Speech disorders can increase social anxiety, leading to further isolation and
decreased self-confidence. Particularly in professional settings where clear speech is
essential, edentulous individuals may suffer significant occupational disadvantages [23].

Prosthetic rehabilitation can improve speech outcomes, but even well-fitting
dentures may not fully restore natural phonetic abilities, especially in cases of severe
alveolar ridge resorption or neuromuscular deficiencies [20-23].

4.5 Cognitive and psychological links

Recent research suggests a possible association between edentulism and cognitive
decline. Masticatory dysfunction caused by tooth loss may lead to reduced cerebral
blood flow and decreased stimulation of neural pathways associated with memory
and learning [4].

Although causality has not been conclusively established, observational studies
have consistently found higher rates of mild cognitive impairment and dementia in
edentulous individuals compared to those who retain their natural dentition [24].

The psychological and social consequences of edentulism are profound and signifi-
cantly reduce quality of life, emphasizing the need for a holistic and interdisciplinary
approach to the care of edentulous patients that includes not only prosthetic rehabilitation
but also psychological support, social reintegration, and mental health monitoring.

5. Impact on systemic health

The systemic health consequences of edentulism are extensive and multifactorial.
Edentulism is associated with an increased risk of cardiovascular disease, in part due

7
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to chronic systemic inflammation resulting from periodontal infections that precede
tooth loss. Poor dietary quality in edentulous individuals further exacerbates oxida-
tive stress and inflammatory processes and promotes atherogenesis [3].

Most concerning, edentulism is associated with an increased risk of all-cause
mortality. The confluence of malnutrition, systemic inflammation, frailty, psycho-
logical stress, and chronic disease contributes to increased mortality in the edentulous
population compared with those with natural dentition.

5.1 Edentulism and cardiovascular disease

Several epidemiologic studies have found a strong association between edentulism
and increased cardiovascular morbidity and mortality. One study showed that people
with fewer than 10 teeth have a significantly higher risk of fatal cardiovascular events
than those with a full set of teeth [3].

Proposed mechanisms include

¢ Chronic inflammation: edentulism is often the final stage of periodontal dis-
ease, a condition characterized by chronic low-grade inflammation. Persistent
systemic inflammation promotes endothelial dysfunction, atherosclerosis, and
thromboembolic events [25].

* Nutritional deficiencies: the inadequate diet associated with edentulism reduces
the intake of antioxidants, fiber, and healthy fats, thereby increasing oxidative
stress and inflammation, both of which are recognized contributors to cardiovas-
cular disease [26].

Thus, tooth loss may serve both as a marker of past inflammatory burden and as
an active factor contributing to cardiovascular risk.

5.2 Edentulism and diabetes mellitus

The bidirectional relationship between periodontal disease and diabetes mellitus is
well established; however, edentulism introduces additional complexities. Edentulous
individuals often consume a diet high in refined carbohydrates and low in fiber, which
exacerbates glycemic control problems [27, 28].

In addition, the inflammatory environment resulting from residual periodontal
infection prior to tooth loss may persist systemically, potentially exacerbating insulin
resistance. Therefore, edentulous patients, especially those with diabetes or at risk
for diabetes, require careful metabolic monitoring and dietary counseling to mitigate
these risks [27, 28].

5.3 Edentulism and respiratory diseases

The oral cavity is a natural barrier to pathogens. Edentulous individuals may
experience changes in the oropharyngeal microbial flora, increasing the risk of
respiratory infections such as pneumonia and chronic obstructive pulmonary
disease (COPD) [27, 28].

Aspiration of pathogenic bacteria from poorly maintained dentures, particularly
in elderly or debilitated patients, has been identified as a significant contributor to
aspiration pneumonia—a major cause of morbidity and mortality in institutionalized
elderly patients [29].
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Maintaining optimal dental hygiene and ensuring regular dental check-ups can
help to reduce the bacterial load and lower the risk of respiratory infections in vulner-
able populations.

5.4 Edentulism and osteoporosis

Bone metabolism is a systemic process influenced by hormonal, nutritional and
mechanical factors. Postmenopausal women and older adults with osteoporosis have
been shown to experience accelerated and more extensive alveolar bone resorption
after tooth loss [30].

Conversely, severe alveolar bone loss and edentulism may serve as early clinical
indicators of underlying systemic osteoporosis. Dentists, especially prosthodontists
who treat edentulous patients, are therefore in a unique position to identify individu-
als at risk for systemic bone disease and refer them for further medical evaluation.

5.5 Edentulism and cognitive decline

Emerging evidence suggests that edentulism is associated with an increased risk of
cognitive impairment and dementia. Proposed mechanisms include

* Masticatory dysfunction: reduced mastication decreases cerebral blood flow and
neural stimulation, potentially accelerating neurodegenerative processes [4].

* Nutritional effects: deficiencies in vitamins (especially B12, folate) and essential
fatty acids for brain health are more common in edentulous individuals.

* Inflammatory pathways: systemic inflammation caused by chronic oral infec-
tions contributes to the development of vascular dementia and Alzheimer’s
disease [24].

Takeuchi et al. [24] reported that community-dwelling older adults with poor
posterior occlusion had higher rates of mild cognitive impairment than those with
better preserved dentition, even after adjusting for confounders [24].

These findings suggest that maintaining oral function through timely prosthetic reha-
bilitation may have a protective effect against cognitive decline in the elderly population.

5.6 Increased risk of all-cause mortality

Cumulative studies indicate that edentulous individuals have an increased risk of
all-cause mortality compared with individuals who retain some or all their natural
teeth [31]. This increased risk is multifactorial and includes nutritional compromise,
systemic inflammation, higher prevalence of chronic diseases, and psychosocial fac-
tors such as depression and social isolation [31].

Thus, edentulism should be considered not only as an endpoint of dental disease,
but as a critical health issue with serious systemic consequences.

6. Management and prosthetic rehabilitation

Treatment of edentulism must be holistic, addressing not only the mechani-
cal replacement of missing teeth but also the broader functional, nutritional,
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psychological, and systemic consequences. Prosthetic rehabilitation is the cornerstone
of treatment. Although conventional full dentures can restore basic oral functions,
they often fail to provide optimal stability and comfort, especially in the mandible
[32,33].

Long-term care is essential for successful rehabilitation. Regular dental examina-
tions are necessary to monitor tissue health, evaluate denture function, and reinforce
denture hygiene practices. Preventive maintenance reduces the risk of complications
such as denture stomatitis, alveolar ridge resorption, and respiratory infections [34].

6.1 Prosthetic rehabilitation
6.1.1 Conventional full dentures

Full dentures remain the most common method of restoring edentulous arches.
Properly fabricated dentures can significantly improve chewing, speech, esthetics,
and self-confidence [33].

Key elements of successful denture therapy include:

* Accurate impression techniques: capture functional and anatomical details to
maximize stability and retention.

* Correct vertical dimension and occlusion: restoring facial height and ensuring
harmonious jaw movement.

* Phonetic and esthetic considerations: careful placement of prosthetic teeth to
optimize speech and appearance [33].

However, challenges remain with conventional dentures, particularly regarding
instability of mandibular dentures due to severe ridge resorption [8]. Such limitations
necessitate consideration of more advanced options.

6.1.2 Implant-vetained overdentures

Implant-retained overdentures have revolutionized the management of edentu-
lism, particularly in the mandible. As established by the York Consensus Statement
[35], two-implant mandibular overdentures are now considered the standard of care
for edentulous patients seeking improved function [35].

Advantages include:

* Superior stability and retention: improved chewing efficiency, speech clarity and
comfort.

* Alveolar bone preservation: mechanical stimulation from implants helps slow
ridge resorption [34].

* Improved patient satisfaction: higher quality of life scores compared to conven-
tional dentures [36].

Implant overdentures should be strongly considered for patients who have the
anatomical, financial, and medical capacity to undergo surgery [36].
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6.1.3 Fixed implant prosthodontics

For selected patients, fixed, full-arch, implant-supported prosthodontics (e.g., all-
on-4, all-on-6 concepts) provide the highest level of function, esthetics and patient
satisfaction. These solutions, while more expensive and surgically demanding, offer
lifelike replacement of the dentition and nearly complete restoration of natural oral
function [34, 36].

6.2 Nutritional counseling and intervention

Given the strong association between edentulism and nutritional compromise,
dietary counseling should be an integral part of rehabilitation [7]. Collaboration with
dietitians may be helpful:

¢ Promote a balanced, nutrient-dense diet.
* Suggest changes in food texture without compromising nutritional value.
* Prevent malnutrition, sarcopenia, and associated systemic diseases [7].

Prosthetic rehabilitation alone may not fully restore dietary diversity; therefore,
active dietary management remains necessary after prosthesis provision.

6.3 Psychological support and social reintegration

The psychosocial impact of edentulism requires psychological assessment and
support strategies [10]. Management approaches may include

* Pre-treatment counseling: setting realistic expectations for prosthodontic perfor-
mance and adaptation periods.

* Support groups: facilitating patient participation in peer support groups to share
experiences and coping strategies.

* Referral to mental health professionals: For patients with significant depression,
anxiety, or social withdrawal [10].

Holistic rehabilitation must prioritize emotional recovery in addition to functional
restoration.

6.4 Maintenance and long-term follow-up

Successful management of edentulism extends beyond the initial delivery of the
prosthesis. Regular follow-up visits are essential to

* Evaluate tissue health and prosthesis fit.
* Relining, rebasing or remanufacturing dentures as ridge resorption progresses.

* Reinforcing denture hygiene instructions to prevent stomatitis and respiratory
infections [29].

* Monitor nutritional status and systemic health markers.
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Proactive maintenance schedules can prevent minor problems from escalating into
major complications and ensure long-term patient satisfaction [29].

6.5 Future directions: Digital technologies and bioengineering

Digital workflows, including CAD/CAM prostheses, are improving the precision,
efficiency, and personalization of prosthetic rehabilitation [33]. These technologies
offer:

¢ Improved fit and esthetics.
* Reduced chair time and lab turnaround.
* Easy duplication of lost or damaged prostheses through digital records.

Looking further into the future, advances in tissue engineering and regenerative
dentistry may eventually offer biologically integrated solutions, such as bioengi-
neered teeth or alveolar regeneration therapies [32].

7. Conclusion

Edentulism is far more than a localized dental condition; it is a complex, multifac-
torial public health issue with profound implications for the overall health and quality
of life of affected individuals. The psychological and social impact of toothlessness
is profound, often leading to low self-esteem, depression, and social isolation. These
problems, along with close associations with systemic diseases such as cardiovas-
cular and cognitive disorders, emphasize the broad public health implications of
edentulism.

Effective management of edentulism requires a multidisciplinary approach that
combines prosthetic rehabilitation with nutritional counseling, psychological sup-
port, and regular follow-up. Advances in digital technologies have improved pros-
thetic outcomes, and future innovations in regenerative dentistry may offer biological
solutions. With an aging population, it is imperative that edentulism be treated asa
systemic health problem and that comprehensive care be integrated into clinical and
public health strategies.
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Abstract

This chapter delves into modern advancements in denture fabrication, emphasiz-
ing the use of innovative materials and state-of-the-art techniques. Topics include the
integration of biocompatible nanomaterials, advanced ceramics, and next-generation
polymers that enhance durability, esthetics, and functionality. Cutting-edge tech-
nologies like 3D printing and CAD/CAM systems enable precise customization and
rapid prototyping, ensuring superior patient comfort and tailored solutions. The
chapter also highlights minimally invasive approaches and their role in oral rehabilita-
tion, addressing the growing demand for effective, esthetic, and long-lasting dental
solutions. These innovations not only improve patient satisfaction but also enhance
the efficiency of clinical workflows. The synergy between advanced materials and
technology paves the way for a new era in prosthodontics.

Keywords: dentures, CAD-CAM systems, polymers, 3D printing, nanoparticles

1. Introduction

Advancements in denture manufacturing have become a cornerstone in modern
dentistry, addressing the ever-changing needs and expectations of patients and
professionals alike. While traditional fabrication methods have laid the groundwork
for prosthetic dentistry, their limitations often fall short of the precision, comfort,
and durability demanded by contemporary standards [1].

These traditional techniques, though historically effective, frequently require
time-consuming adjustments and replacements, reflecting the need for innovation in
materials and methodologies. In recent years, the introduction of advanced materials
such as biocompatible polymers, high-impact acrylics, and nanotechnology-infused
resins has revolutionized the field.
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These innovations not only enhance the strength and longevity of dentures but
also improve their esthetic appeal, aligning closely with the preferences of today’s
patients. By addressing issues such as microbial adhesion and wear resistance, these
materials provide solutions that significantly reduce the need for frequent repairs
and replacements, thus elevating the overall patient experience [2]. At the same time,
technological breakthroughs like CAD/CAM systems and 3D printing have ushered
in a new era of precision and personalization in denture fabrication. These technolo-
gies enable dental professionals to create prosthetics tailored to the unique anatomy
of each patient, offering superior fit and functionality [1, 2]. Digital scanning tech-
niques eliminate the discomfort associated with traditional impressions, streamlining
the process and minimizing errors. Such advancements not only reduce chair time
for patients but also enhance the efficiency of dental practices, making high-quality
prosthetics accessible to a broader population.

These innovations in denture manufacturing also align with the growing emphasis
on minimally invasive procedures. By reducing the reliance on traditional methods
that often involve discomfort and extended recovery times, advanced techniques
ensure a smoother and more patient-friendly experience [2, 3]. Moreover, the integra-
tion of emerging trends such as regenerative materials and smart technologies points
to a future where dentures not only restore oral functionality but also contribute to
proactive health monitoring.

This forward-thinking approach to denture fabrication signifies a paradigm shift,
blending science and technology to meet the complex needs of modern dentistry. The
progress achieved thus far underscores the importance of continuing research and
development in this domain, ensuring that patients benefit from solutions that not
only enhance their oral health but also improve their overall quality of life.

2. History of dentures

The development and manufacture of dentures has progressed over many centu-
ries, reflecting the never-ending human desire to remedy tooth loss and regain the
use of oral functionality. Denture fabrication has come a long way from its humble
origins using natural materials to provide state-of-the-art prosthetic solutions. This
incredible journey is a testament to the amazing advances achieved in dentistry, mate-
rial science, and technology.

2.1 The beginnings of dentures

Dentures have been around since ancient times, when people started using what
they could find in nature to fill up gaps resulting from missing teeth. Some of the
earliest denture designs that have been documented date back to ancient Etruscan in
Italy, who lived approximately 700 BC [4]. These early prosthetic devices, made from
a combination of animal and human teeth set on gold rings, served their purpose
well. In the same manner, ancient Egyptian artisans used gold wires to fix false teeth
in partial dentures. Due to the high cost of the materials and the need for experienced
artisans, dentures were mostly created for the aristocracy and the privileged class of
that time. Oftentimes, these early designs were more for esthetic effect than utility,
and they were not very durable or functional [4].
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2.2 Medieval and renaissance period

Due to the stagnation of scientific and medical knowledge throughout the Middle
Ages, denture production witnessed little advancement. Nonetheless, dental technol-
ogy advanced throughout the Renaissance.

Dentists started experimenting using elephant or hippopotamus ivory for denture
bases in the sixteenth century. The natural teeth that remained were typically held
in place by these handmade dentures, which were attached with silk threads or metal
springs [5].

2.3 The eighteenth and nineteenth centuries: The age of innovation

The introduction of porcelain as a dental material in the eighteenth century was
a turning point in the history of denture production. French dentist Nicolas Dubois
de Chémant revolutionized the dental profession in 1774 when he debuted porcelain
dentures. Compared to earlier materials, porcelain was more esthetically pleasing and
long-lasting, and it looked more like real teeth. The lack of durability and resilience of
these dentures made them impractical [6].

Dentures were mass-produced in the nineteenth century, thanks to industrial-
ization, which led to additional improvements. Denture bases made of vulcanized
rubber, which Charles Goodyear developed in 1839, were popular because of the
material’s low cost, malleability, and simplicity of molding. Using vulcanite dentures
in conjunction with porcelain teeth made a more affordable option available to a
broader population [4, 7]. “Waterloo teeth,” dentures fabricated from the jawbones
or cadavers of fallen soldiers, also appeared at this time and were mounted on various
bases [7].

2.4 The twentieth century: A paradigm shift in denture fabrication

Thanks to developments in materials science and technology, a new age of inven-
tion began in the twentieth century. The 1930s saw the rise of acrylic resin over
vulcanized rubber as the material of choice for denture bases. Denture manufacturing
has traditionally relied on acrylic due to its high processing ease, biocompatibility,
and excellent esthetics.

To overcome porcelain’s shortcomings, synthetic polymers were used to make
denture teeth more durable and resistant to wear. Improved shade and morphological
customization were other benefits of these materials that contributed to dentures a
more realistic appearance [5].

The development of impression materials and techniques, among other tech-
nological advancements, completely transformed the process of making dentures.
More precise impressions were made possible by elastomeric and alginate impression
materials, which improved the fit and performance of dentures. The production
process was further simplified with the creation of dental laboratories that have state-
of-the-art instruments [6].

Midway through the twentieth century, individualized partial dentures, overden-
tures, and full dentures were developed with an emphasis on patient comfort and
usefulness. Furthermore, dental education progressed, with an increased focus on
prosthodontics as a subspeciality of general dentistry.
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2.5 The twenty-first century and beyond

The use of digital technology and new materials has caused an enormous shift in
denture production in the twenty-first century. The efficiency and accuracy of den-
ture manufacture has been greatly enhanced by computer-aided design and manufac-
turing (CAD/CAM) technologies. With the advent of digital workflows like intraoral
scanning and 3D printing, many one manual processes have been automated, leading
to better fit and comfort with less manufacturing time and fewer mistakes [8].

Biocompatible polymers, nanocomposites, and improved ceramics are only a few
examples of the remarkable developments in materials science. These alternatives to
conventional acrylic and porcelain overcome the drawbacks of the former with their
enhanced strength, longevity, and esthetic appeal.

In line with eco-friendly policies, additive manufacturing processes (such 3D
printing) reduce material waste. Furthermore, these technologies are improving
denture manufacture because of their price and accessibility, allowing a greater
population to have access to high-quality dentures [9].

With the combination of Al, robots, and biomimetic materials, denture manufac
ture will be rethought, opening the door to a new age of customized, efficient, and
environmentally friendly solutions in dentistry.

1

3. Evolution of polymers in denture fabrication

In the history of prosthodontics, polymers have been instrumental in revolution-
izing denture production, which in turn has improved patient care. Decades of
innovation, research, and adaptation have marked the journey of polymer science in
dentistry, from its humble beginnings as a basic material to the creation of complex
blends designed to address particular clinical needs. This evolution has been driven
by the rising demands for long-term durability, esthetics, functionality, and patient
comfort (Figure1).

Unlike more conventional dental materials like ivory, porcelain, and vulcanized
rubber, polymers have their roots in the early twentieth century [4, 5, 9]. Despite its
popularity, vulcanite—the first material for denture bases—had several drawbacks.
Its emergence in the middle of the nineteenth century provided a practical and
inexpensive substitute for more costly materials; nonetheless, it was far from perfect
due to its lack of esthetic value and flexibility. The introduction of polymethyl meth-
acrylate (PMMA), more often known as acrylic resin, in the 1930s marked a turning
point. Lightweight, long-lasting, and esthetically beautiful, PMMA swiftly became
the material of choice for denture bases, causing a revolution in denture manufacture
(4,9, 10].

PMMA overcame a lot of the problems that were present with older materials.
Patients were able to enjoy a more realistic dentures because of its translucency,
which mirrored the look of real oral tissues. Furthermore, dental specialists were
able to produce perfect fits with PMMA during manufacturing, which improved the
usefulness and comfort of dentures [4]. The benefits of PMMA were not without
their downsides, though. Researchers began to investigate methods to enhance its
mechanical characteristics in response to its weakness in resistance to wear and its
ease of fracture under extreme stress, sparking a new era of innovation in the field of
polymer science.

20



Innovative Materials and Techniques for Dentures: A Contemporary Approach
DOI: http://dx.doi.org/10.5772/intechopen.1009316

1839
VULCANITE
1870
CELLULOID
EVOLUTION
OF POLYMERS e
IN DENTURE
FABRICATION BAKELITE
PVC
1930
PMMA
1937

Figure 1.
Evolution of polymers in denture fabrication.

Efforts to improve PMMA included adding cross-linking agents to make it more
structurally strong throughout the middle of the twentieth century. The lifespan of
dentures was increased because to the increased resistance to cracking and deforma-
tion displayed by cross-linked PMMA. Moreover, developments in curing processes,
such heat- and pressure-curing procedures, increased PMMA’ density and homoge-
neity, decreased its porosity, and enhanced its overall performance [8, 11].

A major step forward in the development of dental polymers was the introduction
of high-impact acrylics in the latter part of the twentieth century. In order to make
a material that could endure higher impact pressures without breaking, these modi-
fied acrylics mixed rubber-like particles—like butadiene-styrene copolymers—with
the PMMA matrix [9]. Patients who have a tendency to misplace their dentures or
who need prosthesis in situations with high levels of stress may find this innovation
very helpful. A huge improvement over conventional PMMA, high-impact acrylics
overcome the material’s mechanical shortcomings without sacrificing its good looks
or ease of handling [10].

At the same time, a new class of polymeric materials called soft liners was
introduced to the profession with the express purpose of making patients more
comfortable. Patients with delicate oral tissues or complicated anatomical charac-
teristics frequently experienced irritation or pain due to traditional denture bases.
Cushioning pressures during chewing are absorbed by soft liners, which are usually
constructed of silicone or plasticized acrylics, lowering the likelihood of discomfort.
Patients suffering from xerostomia or resorbed ridges benefited greatly from these
products. Nevertheless, there has been continuous study to enhance their biocom-
patibility and endurance due to concerns such material deterioration and microbial
colonization [11, 12].
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The development of polymers for dentures entered a new revolutionary phase
with the advent of flexible denture materials. Thermoplastic resins, which include
nylon-based polymers, are perfect for creating clasps and partial dentures because of
their extreme pliability and durability. Lightweight, discrete, and pleasant alterna-
tives were provided to patients using flexible polymers that conformed to the shape
of the oral cavity instead of using metal frameworks. Because of their transparent
appearance, these materials were able to mix in with natural tissues, which addressed
esthetic problems as well. Further improvements in material compositions were
necessitated due to the processing needs and poorer dimensional stability of flexible
polymers, which, although advantageous, presented obstacles [13].

As concerns about patient safety and environmental sustainability grew, biocom-
patibility became an important factor in dental polymer research. The development
of hypoallergenic and non-toxic materials was facilitated by developments in polymer
chemistry, which in turn improved patient outcomes by decreasing the likelihood of
adverse responses [14]. Another long-standing problem with denture surfaces becom-
ing colonized by microbes was solved by new antibacterial polymers. To combat
diseases like denture stomatitis, these materials included antimicrobial chemicals or
coatings that actively prevented the growth of fungal organisms and bacteria.

The use of polymers in denture production has been greatly expedited by the rise
of digital dentistry. With the use of CAD/CAM technology, polymer-based dentures
were able to be precisely manufactured with minimum opportunity for human mis-
take. Denture manufacture has also been revolutionized by the advent of 3D printing
technology, which enables the quick creation of prototypes and individualization of
prostheses made of polymers. By streamlining production and reducing material waste,
additive manufacturing processes are in line with ecologically friendly practices [15].

The future of denture production is bright, thanks to studies of smart polymers.
Because of their adaptable characteristics, such as shape memory and self-healing capa-
bilities, these materials can instantly adjust to new conditions in the oral cavity. There is
great promise in smart polymers as a means to improve the performance and durability of
dentures, providing patients with solutions that may change with their changing demands
[16]. For example, dentures made of shape-memory polymers might be designed to fit
tightly even when the oral cavity undergoes natural changes like resorption or aging.

Future denture manufacture possibilities may be reimagined by combining
regenerative medicine with polymer technology. The creation of dentures that assist
the regeneration of oral tissues might be made possible by advances in tissue engi-
neering and bioresorbable polymers. These advancements show potential in provid-
ing patients with really restorative remedies to the problems caused by severe alveolar
resorption or complicated anatomical anomalies [7].

More and more, research is pushing the boundaries of polymer technology, which
bodes well for the future of denture manufacture. The prosthesis that patients get will
not only fulfill their needs but also exceed them. Synergy between material innova-
tion and digital technology will shape the next chapter of dental polymers’ evolution,
further solidifying their place as vital components of modern dentistry.

4. Emerging trends in denture fabrication

Denture manufacturing is one area where artificial intelligence (AI) hashad a
profound impact on the dentistry business, thanks to the improvements in accuracy,
efficiency, and patient outcomes it has brought about. Traditionally, creating dentures
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requires multiple patients visits, meticulous manual work and significant time invest-
ment. Al-driven systems are transforming this process by integrating advanced technolo-
gies such as machine learning, computer-aided design (CAD), and computer-aided
manufacturing (CAM), leading to improved accuracy and reduced production times [17].

Denture fabrication in particular has been impacted by the technological revolu-
tion in computer-aided design and computer-aided manufacturing (CAD/CAM).
These technologies allow dental professionals to create highly accurate 3D models of
patients’ oral structures, ensuring a more precise fit and reduced adjustment time.

By combining digital processes, this revolutionary technology overcomes many
of the drawbacks of conventional denture-making techniques while simultaneously
producing prosthetic solutions that are precise, efficient, and uniquely suited to
each patient. Dental practices that have embraced CAD/CAM have seen an increase
in accuracy standards, a decrease in production mistakes, a marked improvement in
patient comfort, and a simplification of clinical operations [18].

As the need for faster and more accurate prosthetic fabrication grew, computer-
aided design and manufacturing (CAD/CAM) technology made its way into the den-
tistry industry [19]. The quality, uniformity, and accuracy of denture manufacture
were frequently compromised by traditional methods, which were mostly dependent
on hand craftsmanship and labor-intensive processes. Dentists and technicians had
to deal with a number of intricate processes that were susceptible to human mistake,
such as acquiring impressions, casting models, and manufacturing dentures. In
response to these difficulties, computer-aided design and manufacturing (CAD/
CAM) technologies introduced digital workflows that automate and improve several
steps in the denture production process [20].

4.1 The digital workflow in denture fabrication

Initial steps in the computer-aided design and manufacturing process start with
data gathering, usually in the form of digital impressions captured using intraoral
scanners. Instead of using typical impression materials, these devices may record
three-dimensional reconstructions of the patient’s oral anatomy, which are very
detailed. Not only can digital impressions increase precision but they also improve the
patient experience by decreasing pain and chairside time [21].

It is with computer-aided design (CAD) software that the prosthesis is created
once digital impressions have been taken. Dentists and technicians may use the soft-
ware’s exact customization capabilities to customize the denture’ size, form, occlu-
sion, and esthetics to suit each patient’s specific needs. Before these ideas are sent to
the manufacturing stage, they are examined and improved in real time to make sure
they fit and work well [19-21].

After the final design is uploaded to a computer numerically controlled (CAM)
system, the denture is made using milling or 3D printing, two examples of sophisti-
cated manufacturing processes. These mechanized procedures ensure precision and
uniformity that would be challenging to do by hand. Thanks to the accuracy of the
computerized workflow, the finished dentures are polished and fitted to the patient
with few adjustments needed (Figure 2).

4.2 Benefits of CAD/CAM Technology

Denture manufacture becomes much more precise with the use of CAD/CAM
technology, which is a major benefit. With digital impressions, every detail of the
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Figure 2.
Conventional and digital workflow in denture fabrication.

oral cavity may be precisely reproduced, guaranteeing a tight, comfortable fit for the
prosthesis. Clinicians and patients alike will appreciate the time savings that result
from this degree of accuracy, since it minimizes the need for manual modifications
during fitting sessions. As a result of the dentures’ increased stability and usefulness
thanks to a better fit, the patient’s self-confidence in chewing, speaking, and smiling
is improved [22].

Errors can occur at several phases of the traditional denture-making process,
including acquiring impressions, casting models, and manufacturing. Improperly
fitted dentures, caused by these mistakes, may necessitate costly repairs or replace-
ments. Automating critical processes and making use of very precise digital tools,
CAD/CAM technology reduces the probability of such mistakes. Consistent outcomes
across several instances are guaranteed by the computerized workflow, which eradi-
cates variability caused by human factors [20, 23].

Completely individualized dentures that fit the patient’s mouth and look perfect
are now possible because of computer-aided design and manufacturing (CAD/CAM)
technology. The program enables the user to customize the dentures’ form, shade, and
occlusal surface to match the patient’s esthetic and functional requirements. Because
of this personalization, patients are more satisfied overall, and they report feeling
more comfortable and enjoying a more natural look [24]. The fabrication of dentures
is now faster thanks to digital processes than it was in the past. Manufacturing,
design, and scanning all work together to cut out the intermediary steps, which
speeds up the production process.
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In spite of the high cost at entry point, CAD/CAM technology pays for itself in the
long run because of its precision and efficiency. Dental offices and their patients can
save money in the long run because of less material waste, fewer remakes, and less
time spent. Dental labs that handle a large number of cases benefit greatly from CAD/
CAM systems because of their capacity for expansion [25].

Cutting down on material waste during fabrication is one way that CAD/CAM
technology fits nicely with today’s environmental aims. The use of extra material dur-
ing casting and the need for hand corrections are two aspects of traditional denture-
making processes that add to the environmental effect. In conjunction with additive
manufacturing processes, such as 3D printing, digital workflows maximize material
use [26].

Although there are many advantages to CAD/CAM technology, there are also sev-
eral obstacles to its widespread use. Smaller dental offices and labs may not be able to
afford the high upfront costs of software and equipment. It may be necessary to invest
time and resources in specialized training for physicians and technicians in order for
them to use CAD/CAM systems efficiently.

The degree to which CAD/CAM systems are compatible with preexisting work-
flows is an additional factor to think about [27]. Changes may be necessary for
integration with conventional processes and materials, especially for practices making
the switch from analogue to digital workflows. Another important issue is making
sure all the CAD/CAM systems are reliable and consistent [28].

Emerging technology, improved materials, and new processes are going to revo-
lutionize denture manufacture in the future. New opportunities in patient care are
being opened up by these innovations, which attempt to solve long-standing problems
in prosthodontics include increasing fit, function, durability, and esthetics [29]. A
giant step forward in oral rehabilitation has been achieved with the integration of Al,
robotic dentistry, regenerative materials, and smart denture systems.

4.3 Artificial intelligence (AI) in denture fabrication

Artificial intelligence (AI) has the ability to revolutionize denture design and
manufacture, and it is quickly becoming an essential component of contemporary
dentistry. In order to provide effective and efficient treatment regimens, Al-powered
algorithms can sift through mountains of data found in patient records, digital
impressions, and imaging systems [30, 31]. Denture fabrication workflows are about
to undergo a revolutionary change with the inclusion of Al This technology will
automate complicated operations and drastically reduce the risk of human mistakes.

When it comes to making dentures, predictive modeling is where artificial intel-
ligence shows the most promise [32]. Artificial intelligence algorithms may analyze a
person’s chewing dynamics, esthetic preferences, and oral anatomy to create custom-
ized designs that look great and fit tightly [33-35]. Additionally, these algorithms have
the ability to accurately predict how the oral cavity will change over time, which paves
the way for the development of adaptable dentures that can adapt to the changing
anatomy of the patient without compromising their functioning [36, 37].

Additionally, patient education and communication are also impacted by the
incorporation of AI. With the use of Al-driven virtual simulations, patients may get a
better feel for the treatment process and establish reasonable expectations by seeing
how their dentures will seem and work before the procedure even begins. Clinicians
may also use these tools to provide individualized suggestions, which improves treat-
ment for patients [38].
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4.4 Dentures as drug delivery systems: A revolutionary road in prosthodontics

The possibility for smart dentures to function as medication delivery devices is
another fascinating use application. Denture that includes micro-reservoirs built into the
base allow for the direct administration of drugs into the oral cavity. Patients who need
medicines that may be applied locally, including antifungal drugs for denture stomatitis
or analgesics for post-operative discomfort, would benefit greatly from this [39].

The idea of using dentures as drug delivery systems leverages their constant pres-
ence in the oral cavity. Unlike traditional drug delivery methods, such as oral tablets
or topical ointments, smart dentures allow for direct and localized application of
medication. This ensures that therapeutic agents are delivered precisely where they
are needed, minimizing systemic absorption and potential side effects.

Using micro-reservoirs or cross-linked polymers in the denture structures is where
this technology really shines [40]. Medications including antifungal agents, antibiot-
ics, analgesics, and anti-inflammatory medicines can be stored in these reservoirs and
released gradually. A regulated and focused therapeutic response is made possible by
the release being triggered by certain stimuli, such as changes in temperature, pH, or
enzyme activity.

Fungal infections, such as Candida albicans, can lead to denture stomatitis, an
inflammatory illness that many people with dentures deal with. Creams and pills
intended to eradicate fungus are the mainstays of traditional therapy, but they may
be unpleasant for patients to apply and can have systemic adverse effects if not taken
properly. A better option is to use smart dentures, which gradually release antifungal
drugs into the suffering tissues [41-43].

An example of a smart denture that can offer ongoing therapeutic activity without
the need for repeated manual applications is one that is integrated with a slow-releas-
ing antifungal drug. This denture can reduce fungus burden and promote healing. Not
only does this make therapy more effective, but it also makes patients more compliant
and makes their daily tasks easier.

By directing the medicine to the precise location where it will have the greatest
impact, localized drug delivery increases the treatment’s effectiveness while decreas-
ing its systemic adverse effects. In cases of inflammation or infections, when exact
administration greatly improves therapeutic results, this focused method is ideal.

The danger of systemic absorption and associated negative effects is much dimin-
ished because the medicine is contained within the mouth. Patients with preexisting
conditions or who are very young may be more prone to serious side effects from
medications; therefore, this is of crucial significance for them [44]. Several obstacles
must be overcome before drug-delivering smart dentures may achieve popular use,
notwithstanding their potential:

The dentures’ structural integrity, fit, or esthetics must not be compromised
when medication reservoirs and release mechanisms are integrated. Scientists need
to find ways to make prostheses that are both durable and comfortable while also
incorporating therapeutic functions into biocompatible materials. It is important that
medications kept in dentures be able to withstand changes in temperature, saliva, and
oral bacteria for long periods of time [39, 40]. A significant problem for producers is
guaranteeing the efficacy and stability of these medications.

Highly developed engineering and material science skills are required for the
design of accurate and dependable release mechanisms that react to certain triggers,
such as pH or enzyme activity. Over- or under-dosing on medicine distribution might
occur if these systems fail.
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Compared to traditional prostheses, the cost of smart dentures that can dispense
drugs is expected to be higher. Affordable production and delivery methods are
essential for making these advancements available to all patients, especially those
from underprivileged communities. Dentures that distribute drugs must be approved
after extensive testing to guarantee their safety and effectiveness as medical devices.
It may take a lot of time and energy to meet regulatory criteria.

The advent of drug-delivering smart dentures has revolutionized the field of prosth-
odontics by providing a more practical, streamlined, and personalized method of dental
hygiene treatment. Improved patient outcomes and quality of life may be possible with
the help of these sophisticated prostheses by alleviating pain, controlling chronic illnesses,
and avoiding infections through the regulated and localized release of medicine [45, 46].
Despite the obstacles, these devices are set to become standard equipment in modern den-
tistry thanks to continuing research and technical developments, which will revolutionize
the management and treatment of oral health.

5. Contemporary techniques in dentures fabrication

The emergence of 3D printing has transformed the process for manufacturing
dentures. Several 3D printing technologies (Figure 3), including Stereolithography
(SLA), Selective Laser Sintering (SLS), and Fused Deposition Modeling (FDM), play
pivotal roles in the production of complete dentures. Each of these technologies brings
unique advantages and capabilities to the field, enabling dental professionals to address
diverse patients’ needs [47]. This thorough examination investigates the details of SLA,
SLS, FDM, and various other 3D printing technologies relevant to denture production,
emphasizing their processes, materials, and roles in contemporary dentistry.

5.1 Stereolithography (SLA)

Stereolithography (SLA) is one of the earliest and most widely used 3D printing
technologies in dentistry. It operates on the principle of photopolymerization, where
aliquid resin is solidified layer by layer using a laser beam. SLA is particularly valued
for its ability to produce highly detailed and smooth dental components, making it
ideal for fabricating complete dentures [48].

The SLA process starts with a reservoir filled with liquid resin. A UV laser pre-
cisely cures the resin according to a digital 3D model, solidifying exact cross-sectional
layers of the design. The build platform gradually descends as each layer is added,
continuing until the final structure is achieved. After printing, the denture needs to

CONTEMPORARY

TECHNIQUES IN
DENTURES
FABRICATION
STEREOLITHOGRAPHY SELECTIVE LASER DE;gf_’f_ﬁo“
(sLA) SINTERING (5LS)

MODELLING (FDM)

Figure 3.
Contemporary techniques in denture fabrication.
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be cleaned to eliminate any uncured resin and may also be subjected to further curing
to improve its mechanical properties (Figure 4).

 Advantages

o Precision

o Customization

o Complex geometry
e Limitations

o Can be relatively slow compared to other methods due to layer-by-layer curing
process

o The need for post-processing including washing and curing can add to produc-
tion time and complexity

5.2 Selective laser sintering (SLS)

Selective Laser Sintering (SLS) is another prominent 3D printing technology used
in denture fabrication. Unlike SLA, which uses liquid resin, SLS employs powdered
materials that are fused together using a high-powered laser. This technology is
known for its robustness and ability to produce durable dental components.

In SLS, a layer of powder material is spread evenly across a build platform. A laser
selective fuses the powder particles based on the 3D design. After each layer is com-
pleted, a new layer of powder is applied, and the process is repeated until the entire
denture is built. The unfused powder acts as a support structure during printing and
is later removed (Figure 5) [49, 50].

* Advantages
o Durability
o Support-free design
o Speed
 Limitations

o Tends to produce a rougher surface finish, requiring post-processing for
esthetic purposes

o The equipment and materials are often more expensive compared to SLA

COMPLEX

PRECISION CUSTOMIZATION GEOMETRY

Figure 4.
Advantages of SLA.
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Figures.
Advantages of SLS.

5.3 Fused deposition Modeling (FDM)

Fused Deposition Modeling is a widely accessible and cost-effective 3D printing
technology. It involves the extrusion of thermoplastic materials through a heated
nozzle, which deposits the material layer by layer to build a denture. FDM begins
with a spool of thermoplastic filament. The material is heated and extruded through
anozzle onto the build platform, following the digital design. Each layer fuses to
the previous one as the material cools and solidifies. Supports may be added dur-
ing the process to stabilize complex geometries, which are later removed (Figure 6
and Table 1) [50, 51].

* Advantages
o Affordability
o Accessibility
o Customization
e Limitations

o The surface finish of FDM-printed dentures is typically rougher compared to
SLS or SLA, requiring additional polishing

o Limited material options and lower resolution may impact the esthetic and
functional quality of the final product

The incorporation of 3D printing technologies in denture fabrication has trans-
formed contemporary dentistry. SLA, SLS, and FDM each present distinct benefits and

CUSTOMIZATION AFFORDABILITY ACCESSIBILITY

Figure 6.

Advantages of SLA.
Technology Precision Material Speed Surface finish Cost
SLA High Medium Moderate Smooth Moderate
SLS Moderate High Fast Rough High
FDM Low Medium Moderate Rough Low

Table 1.

Comparative Analysis of 3D Printing Technologies.
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drawbacks, enabling dental professionals to choose the most suitable technique according
to clinical requirements [52, 53]. SLA stands out for its precision and esthetic appeal, SLS
is known for its durability and scalability, while FDM is recognized for its cost-effective
customization. With ongoing advancements, 3D printing is set to become a pivotal
element in providing high-quality, patient-specific dental prosthetics [54].

6. Conclusions

In conclusion, the convergence of advanced materials and state-of-art techniques has
fundamentally transformed the landscape of denture fabrication. These innovations have
elevated the standards of care in restorative dentistry, addressing both functional and
esthetic needs of patients with unprecedented precision and reliability.

The integration of cutting-edge digital workflow and high-performance materials
ensures that dentures not only improve oral functionality but also restore confidence and
quality of life for patients. Furthermore, as technology continues to evolve. The potential
for future breakthroughs in comfort, efficiency, and accessibility is boundless.

These advancements underscore the dynamic and patient-focused nature of
contemporary denture fabrication, promising even greater strides in years to come.
By embracing these innovations, the dental field reaffirms its commitment to excel-
lence and continuous improvement ensuring that denture fabrication will remain at
the forefront of restorative solutions in modern healthcare.
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Abstract

CAD/CAM technologies, both substractive and additive, have been used for
dental purposes since 1980-1990, with growing success. While initially used for
manufacturing a limited range of dental appliances, CAD/CAM technologies enable
the fabrication of various types of complex dental constructs, including 3D-printed
tissues. Among the wide choice of materials used for manufacturing CAD/CAM
prosthodontics, alloys play a certain role, being firstly used for the fabrication of fixed
and removable dentures infrastructures, as well as for implant production. Due to
their characteristics, the currently most used dental alloys for CAD/CAM applications
in dentistry are Co-Cr and Ti alloys. Depending on the CAD/CAM technology, dental
alloys are being manufactured by milling (alloy blocks) or 3D printing powder bed
fusion (alloy powder). CAD/CAM manufacturing in dentistry enables not only high-
speed fabrication but also the achievement of high-quality dental constructs.

Keywords: dental alloys, CAD/CAM, additive manufacturing, powder bed fusion,
SLS, SLM

1. Introduction

Base metal alloys have been used in dentistry since the 1930s, mainly for fixed
or removable partial dentures infrastructures, traditionally processed by casting,
and dental implants. Characterized by strength, durability and corrosion resistance,
Co-Cr and Ti alloys are the current most frequently choices in prosthodontics, as pre-
cious alloys are too expensive and Ni-based alloys proved to be highly allergenic [1].

While Co-Cr is mainly used for manufacturing removable partial dentures frame-
works and metal-ceramic/metal-polymeric fixed dentures infrastructures, Ti alloys
are primarily indicated for dental implants, due to their osseointegration capacity,
exceptional biocompatibility and corrosion resistance. However, Ti alloys are used for
manufacturing dentures infrastructures as well [2, 3].

Characterized by high hardness, traditionally casted Co-Cr alloys are often dif-
ficult to process. In order to overcome this shortcoming, substitutes, such as Co-Cr
alloys enriched with precious metals were attempted. As they proved to be a disap-
pointment, the focus was ultimately put on new manufacturing alternatives [4].
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The most frequently used Ti alloy for prosthodontics is Ti-6Al-4V. Ti alloys are
characterized by a high melting point and ease of oxidizing at high temperatures;
thus, special casting machines are needed. Ti casting machines require arc-
melting pressure casting (vacuum or centrifugation) in a protected gas (argon)
environment [2].

Due to the manufacturing and processing difficulties of both Co-Cr and Ti dental
alloys, alternative methods to traditional casting were considered. CAD/CAM tech-
nologies, often regarded as the next industrial revolution, enable not only high-speed
manufacturing but also the achievement of high-quality various dental constructs [5].

2. CAD/CAM systems-brief description

CAD/CAM systems, either substractive or additive, became available for
dental application in the late 1980s-early 1990s. At first used for manufacturing
fixed partial dentures, later on, due to further development, their range of use
widened, enabling the fabrication of removable partial or total dentures, as well
as a broad range of dental appliances. Additive CAD/CAM technology has a future
promising outcome for dental application in tissue engineering and regenerative
medicine as well [6].

CAD/CAM systems are made up of three major components: the data acquisition
unit, the software, and the manufacturing device. The data acquisition is achieved by
intraoral or extraoral scanning. Intraoral scanning acquires data directly from the area
of the preparation, adjacent, and opposing structures, while extraoral scanning uses
a conventional impression and model for data acquisition. Either way, the collected
data are converted into virtual models. The software is involved in virtually designing
the future denture or dental appliance, and establishing the manufacturing param-
eters. The third component is the one that makes the difference between the substrac-
tive and additive CAD/CAM systems. Substrative technology uses a milling machine
to process a block-shaped material. The additive technology uses a 3D printer, the
material, in liquid, slurry, powder or thermoplastic filament form, being dependent
on the 3D printing technology used (Figure1) [7, 8].

'4

Manufacturing

Extraoral

scanning

N

Additive
(3D printing)

Figure 1.
CAD/CAM workflow in the dental laboratory.
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Figure 2.
Components of a laboratory CAD/CAM system.

Some of the main advantages of CAD/CAM systems are short manufacturing time,
low cross-contamination hazard, and automated fabrication with minimal inaccura-
cies. The previously saved digital data may be easily accessed if further needed [9].

The subtractive method has the advantage of using homogenous materials, how-
ever, its major drawback is the material loss, which means higher costs. The additive
method addresses this drawback by using different material layering technologies [10].

Probably, the main disadvantage of both chairside and laboratory CAD/CAM
systems (Figure 2) is the high initial cost. To address this issue, centralized produc-
tion centers emerged, which take over the CAM step. The data acquired by intraoral
or extraoral scanning, along with the desired design, are digitally transferred to the
production center, which takes care of the fabrication step. In case aesthetic layering
of an infrastructure is needed, it is subsequently accomplished in the laboratory, as
usual [9, 11].

3. CAD/CAM manufacturing—Evolution

The French inventor Francois Duret is considered the godfather of digital den-
tistry, as, in the 1970s, he developed the first CAD/CAM system suitable for manu-
facturing single-tooth restorations. The Duret system was patented and marketed as
the Sopha Bioconcept System. However, because of its high cost and complexity, it did
not last long on the dental market [12].

In 1987, Werner Mormann and Marco Brandestini developed Cerec (Sirona,
Bensheim, Germany), the first viable dental CAD/CAM substractive system. Initially,
Cerec was designed to be a chairside system used to fabricate feldspathic ceramic
inlays using Vita Mark I blocks (Vita Zahnfabrik, Bad Sackingen, Germany). The
Cerec 1 milling machine, which used a grinding wheel, was later replaced by Cerec 2,
which was equipped with an additional cylinder diamond, thus enabling the manu-
facture of partial and full crowns. Cerec 3, released in 2006, had a two-bur system.
Later on, aiming to gain higher precision, the “step bur” was introduced. InLab, the
dental laboratory version, was released in 2006 [13-15].

The current available substractive CAD/CAM systems enable the manufacture of
a wide range of prosthetic restorations, including inlays, onlays, veneers, anterior and
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Figure 3.
Five-axis milling.

posterior crowns and bridges, copings, provisionals, bridge frameworks, telescope
crowns, bars, attachments, denture bases, as well as implant mesostructured and
surgical guides [16].

Chuck Hull is considered to be the inventor of additive manufacturing, as he pat-
ented the “stereolithography” technology in 1986, describing it as a method to build
solid objects by “printing” successive thin layers of a UV-curable liquid photopolymer
[17]. The computer-controlled UV light beam draws each layer of the designed object,
thus transforming the liquid into solid. Shortly after, Hull realized that the principle is
suitable for “any material capable of solidification” or “material capable of altering its
physical state” and filed for a broadened patent [18].

First used for dental purposes in the 1990s, 3D printing technologies were
mainly used for processing resin-based materials and alloys, but, more recently,
3D printers for ceramic materials became available. Unlike the substractive meth-
ods, 3D printing allows not only the fabrication of various prosthetics but tissue
constructs as well [19].

In their 30-year history, CAD/CAM systems have undergone substantial
changes. The optical cameras primarily used for data acquisition evolved to con-
tact digitization and laser scanning. Sophisticated designing software choices are
currently available. The 5-axis modern milling machines (Figure 3), the choice of
dry or wet milling, and novel 3D printing technologies, including multi-material
ones, enable the fabrication of complex fixed and removable dentures, as well as
various other dental appliances.

The wide range of materials suitable for CAD/CAM processing include various
types of ceramics and resins, high-performance polymers, composite materials and
dental alloys [5, 6].

4. Current manufacturing technologies for dental alloys

Manufacturing technologies currently available for dental alloys are:
4.1 Traditional casting

Traditional casting (the lost-wax technique) it is not only laborious and time-
consuming, as it implies multiple laboratory stages but also requires high technical

precision. Porosity, distortion, and defective margin formation may appear more
often than expected [20].
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4.2 The CAD/CAM substractive method

The CAD/CAM substractive method is carried out by milling prefabricated solid
Co-Cr or Ti alloy blocks. The advantage is fast production with minimum structural
defects. One disadvantage is the result of milling the dental restoration from a
material block, which leads to a lot of material waste. When milling dental alloys, the
life of the burs is limited, their continuous renewal adding additional costs. Milling
dental alloy blocks is also difficult because their hardness places high demands on the
manufacturing device. In the case of newer generations of four or five axis machines,
the kinematics has been optimized due to the larger angulations and the possibility of
wet milling [20].

A new milling system was developed by Amann Girrbach in cooperation with
the Fraunhofer Institute Dresden. Using wax-like texture Co-Cr blocks, it enables
effortless dry milling. The milling is done in the green body state (unsintered metal
powder held together by a binder), with minimal bur wear. Afterwards, the pros-
thetic construct is debinded and densely sintered in a special furnace, under inert
gas atmosphere. The result is a homogeneous, distortion-free structure, free from
contraction cavities [21, 22].

However, the ability to produce complex milled shapes is limited compared to
additive manufacturing.

4.3 Spark erosion

Spark erosion or electrical discharge machining is a precision procedure, intro-
duced in dentistry in 1982 by Gunter Rubeling, to manufacture precision attachments.
It is mainly used to achieve a passive fit of implant-retained structures and fixed par-
tial dentures and is highly efficient to process hard base alloys (Co-Cr and Ti alloys).
The method uses an accurately controlled electric discharge through conductive
objects immersed in a liquid medium. The technique is rapid, efficient, and accurate,
but the need for highly trained personnel and the cost of the machine resulted in its
limited usage [23, 24].

4.4 The CAD/CAM additive methods

The CAD/CAM additive technologies used for dental alloys are powder bed fusion
(PBF) ones. Dental alloys were first processed by additive manufacturing in 2002. 3D
printing of non-precious alloys was considered to be revolutionary at the time and
was recognized to have an enormous potential [25, 26].

PBF technologies include selective laser sintering (SLS), selective laser melting
(SLM), and electron beam melting (EBM) and use heat to fuse materials in powder form
(Figure 4). While SLS is used for printing not only alloys but also polymeric, composite,
and ceramic-based materials, SLM and EBM are specifically used for metals [27].

In principle, these technologies are very much alike, the differences are due to
the process itself (operational parameters such as melting temperature, layer thick-
ness, build orientation), the energy source (its type and power), and the grain size
of the powder material used. In SLS and SLM, a laser beam, operated under an inert
atmosphere, is used to fuse powder particles, whereas EBM uses an electron beam
in a vacuum environment as the energy source. In SLM and EBM, the fully melted
powders are well fused and create denser parts with enhanced mechanical proper-
ties, compared to SLS. Despite other types of additive manufacturing technologies,
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Figure 4.
Dental alloy in powder form (3D printing).

which need additional support for the building process, in PBF ones, the powder bed
that surrounds the construct takes over this task, resulting in cost reduction, due to
material saving (the remaining powder can be reused), and avoiding the support
structures removal part. The fact that no support structure is needed also results in
complex and flexible geometric design and faster production time [28, 29].

4.4.1 Selective laser sintering

Selective laser sintering (SLS) was developed by Carl Deckard in Austin, USA.

He licensed the technology and founded Desk Top Corp (DTM) in 1987. DTM was
acquired by 3D Systems (Rock Hill, SC, USA) in 2001 [30].

In SLS, a high-power moving laser beam is used to selectively fuse partially melted
powder form materials into a final solid mass, representing the previously designed 3D
object. Different alloys, polymers, and certain ceramics may be processed by SLS. Firstly,
a thin layer of powder is evenly spread on the build platform. The first layer of the con-
struct is fabricated by means of laser scanning and selective sintering of the powder based
on the CAD data. As the laser beam meets the surface, due to the heat, which is generated,
the powder particles are partially melted and fused together. The build platform is then
lowered by one layer thickness. Additional powder is added and the layer-by-layer deposi-
tion is repeated until the desired construct is finished. In the end, the free powder used as
support is removed. The fabrication chamber is maintained at an elevated temperature,
just below the melting point of the powder, so that it fuses faster and with less energy
upon laser exposure. Moisture, as a result of the laser beam hitting the surface, may cause
oxidation when sintering metals. To prevent oxidation, the sintering process takes place in
a protected environment (nitrogen or argon inert gas) [31].

As SLS involves locally, partial melting, not throughout the particles, the
constructs are often characterized by high internal porosity and rough surface.
Post-processing by thermal annealing improves structural stability and mechanical
properties [32, 33].

4.4.2 Selective laser melting

Selective laser melting (SLM) started in 1995 at the Fraunhofer Institute ILT
in Aachen, Germany. The technology uses powerful high-quality lasers, which
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completely melt the metallic powder, resulting in high-density metallic constructs
(Figure 5). The main differences to SLS are the power of the laser beam and the way
the particles are fused together. The heat generated in the area where the laser beam
hits is higher than in SLS, being directly proportional to the laser power. The process
takes place in a tightly controlled inert atmosphere (argon or nitrogen) to prevent
oxidation [34].

The first commercial system, EOSINT M 250, was launched in 1995 by Electro
Optical Systems (EOS, Krailling, Germany), one of the world leaders in providing
3D printing solutions, making the transition of additive manufacturing from plastics
to metals. The technology was marketed by EOS under the name DMLS and is quite
often wrongly categorized as SLS based. In fact, DMLS is the acronym for “Direkt
Metall Laser Schmelzen,” which translates into English as Direct Metal Laser Melting.
It involves complete melting during production, resulting in dense constructs with
high resolution due to thin deposition layers and fine powder [35].

SLM is currently accepted as the best additive method for manufacturing metal-
lic structures in dentistry, including copings, bridges infrastructure, or removable
partial dentures frameworks (Figure 6), as well as customized implants and abut-
ments [36].

Although the superficial finish of SLM constructs is considered of higher qual-
ity, the possibility of developing internal stresses caused by thermal contraction
might still be an issue, and therefore, post-processing by additional heat treatment is
required [32, 37].

4.4.3 Electron beam melting

Electron beam melting (EBM) was developed by ARCAM AB (Molnlycke,
Sweden) in 2002, and it is still the only company that produces this type of equip-
ment. In EBM, an electron beam under vacuum, in an inert environment, is used to
selectively melt and solidify the metal powder, in a layer-by-layer form, until comple-
tion of the final object. Initially, due to the heating of a tungsten filament, a cloud
of electrons is emitted. Subsequently, the electrons are accelerated and focused in a
beam-form, then directed toward the powder bed to melt the metal powder. Due to
the rapid scan speed, coupled with a high penetration depth of the electron beam, fast

Figure 5.
The SLM process and SLM metallic infrastructures.
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Figure 6.
SLM metallic infrastructures, before and after finishing.

build rates can be achieved. At the end of the building process, the part remains inside
the chamber to cool down. Working under vacuum is advantageous, the process of
being highly energy efficient. EBM is about 10 times more energy efficient than SLM.
The vacuum atmosphere also enables handling reactive metal powders, including

Ti and its alloys, which are difficult to process by means of conventional techniques
because they oxidize easily. Although the vacuum systems in the EBM process are
more expensive, they show lower residual stress than laser-based systems. However,
EBM facilities are relatively expensive, and their availability is still limited [38-40].

4.5 Hybrid manufacturing

Hybrid manufacturing in dentistry consists of a combination of additive and
substractive stages. It combines the efficiency of additive manufacturing with the
precision of milling. Datron AG (Miihltal, Germany) started developing this technol-
ogy in 2015. In collaboration with Follow Me Technology Group (Munich, Germany),
they used smart networking to implement the hybrid workflow to milling machines,
resulting in a 30-50% decrease in manufacturing costs. Briefly, measuring pins are
added to the additive building platform. The pins are detected by the milling unit by
means of an infrared touch probe, thus enabling the exact position detection of the
3D printed constructs, which are further processed by milling [18, 41, 42].

4.6 Future perspectives

One of the greatest challenges in additive manufacturing is the need for support
structures during printing, which are absolutely necessary to prevent deformations
during metal layering. The need for support structures leads to material waste and
increased energy consumption. The researchers and manufacturers have constantly
tried to develop more efficient support structures. Advancements in limiting the
support structures have been made by adjusting the laser power. Smart fusion,
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developed by EOS (Krailling, Germany) is an “intelligent thermal management
method, tailored to allow printing of components with minimal support,” provid-
ing “a closed loop feedback control solution by real-time monitoring and adaptive
process adjustments” [43].

5. Conclusion

Duret’s prediction regarding CAD/CAM, made in 1991: “The systems will
continue to improve in versatility, accuracy, and cost-effectiveness, and will be a part
of routine dental practice by the beginning of the twenty-first century,” proved to be
accurate [44].

The evolution of CAD/CAM systems currently provides increasing user-friend-
liness, improved quality and complexity, a wide range of applications, and extended
capabilities.
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Abstract

Because of their unique qualities, thermoplastic high-performance polymers
(HPPs) have sparked a growing interest in restorative and prosthetic dentistry. The
most popular of them is polyetheretherketone (PEEK), which has excellent mechani-
cal qualities, high temperature resistance, chemical stability, great polishing potential,
low specific weight, little wear resistance, and high biocompatibility. The modulus of
elasticity of PEEK is low, similar to those of bone, and is therefore advantageous from
a biomechanical point of view. To improve their mechanical properties, ceramic-
reinforced PEEK has been developed. Polyetherketoneketone (PEKK) shows better
mechanical properties in terms of flexure, tensile, and compressive strength. Due to
the favorable biomechanical properties, white color and low specific weight, HPPs
allow achieving lighter metal-free removable partial dentures (RPDs), eliminating the
esthetically unacceptable display of metal components. Even if HPP materials are
developed as esthetic alternatives, fixed restorations have to be veneered in esthetic
areas because of their opaque color. In vitro studies were developed in order to
investigate the long-term effects of a simulated oral environment, like the combined
actions of aging, water saturation and immersing solutions on the optical properties,
color stability, surface characteristics, microhardness, wear resistance, and adaptabil-
ity related to different HPP materials. The investigations highlighted the indications
and limitations of these materials placed on the top of the polymer pyramid. Promis-
ing results are developed for HPP materials with regard to their potential use in the
field of restorative and prosthetic dentistry. Different applications and specific
designs have to be further assessed and taken into consideration.

Keywords: high-performance polymers, dentistry, in vitro behavior, optical
properties, surface characteristics

1. Introduction

The introduction of high-performance polymers (HPPs) in dentistry as metal-free
alternative materials offers a new perspective for restorative and prosthetic applica-
tions. The polymer pyramid places HPPs in the highest class of plastics because they
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are more challenging to make, are made of complex monomers, have good mechanical
qualities, are highly stable at high temperatures and chemicals, and are typically rather
costly.

Polyaryletherketone (PAEK) is a crystalline polymer formed by linking phenylene
rings through oxygen bridges and carbonyl groups (ketones). Additionally, HPPs are
composed of repeating macromolecule units that result in three-dimensional long
polymeric chain architectures (Figure 1) [1].

The PAEK family shows ultra-high mechanical performances and chemical resis-
tance among all the thermoplastic polymers. They are naturally radiolucent. A variety
of closely related high-performance thermoplastics, such as aryl ketone polymer
(AKP), polyetheretherketone (PEEK), and polyetherketoneketone (PEKK), are
referred to as PAEK. The relative amount of ketone and ether groups affects their
mechanical characteristics (E-modulus of 3.5-5.1 GPa) [2-4].

PEEK is a linear, aromatic, semi-crystalline thermoplastic that was created by
nucleophilically substituting aromatic dihalides and bisphenol salts. Aromatic rings
are present in both PEEK and PEKK architectures, although the proportion of ether to
the keto group varies [5, 6].

Among all these materials, PEEK is the most used in practice. It was first used in
1990 for biomedical applications. It is a homopolymer having a single monomer [1].
PEEK is well-known for its excellent mechanical qualities, low specific weight, low
plaque affinity, low temperature resistance, chemical stability, high polishing poten-
tial, low specific weight, low wear resistance, and good bond strength with luting
cements and veneering composites. From a biomechanical perspective, PEEK is supe-
rior to other dental materials like zirconia, glass ceramics, and metal alloys because it
has a low modulus of elasticity that is comparable to that of bone. It lessens the forces
applied to the abutment teeth by absorbing functional stresses.

To absorb and transmit occlusal stresses from the polymeric matrix to the more
robust fillers, reinforcing elements may be employed [7-9]. PEEK composites
reinforced with carbon fibers (CFR-PEEK) have a higher elastic modulus (18 GPa)

[1, 3, 10-13]. PEEK is an exceptionally strong polymer that has a balanced composi-
tion of ether groups that give its structure flexibility and ketone groups that provide it
stiffness [14].

0
BOAS
PAEK "

PEKK

PEEK
o 0]
o0 3 00
O 0 o
- B
Figure 1.

Construction of (A) polyetheretherketone (PEEK) and (B) polyetherketoneketone (PEKK), from (n)
polyaryletherketone (PAEK) [1].
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PEEK is a stiff, white, radiolucent material that has excellent thermal stability up to
335.8°C. It has a modest affinity for plaque and is not allergenic. PEEK has a tensile
strength of 100.69 MPa, a compressive strength of 118-169 MPa, a flexural modulus of
140-170 MPa, a reduced density of 1.32 g/cm3, and a thermal conductivity of 0.29 W/
mK. PEEK has a reasonably high Young’s modulus (3-4 GPa), comparable to that of
human bone, enamel, and dentin. When compared to other materials, PEEK has one
of the best biocompatibilities, is non-toxic, and is resistant to hydrolysis. PEEK’s
unique chemical structure demonstrates stable physical and chemical characteristics
[3]. Compared to PMMA and composites, PEEK has the lowest solubility and water
sorption values. It also has excellent tribological qualities, superior chemical resistance
against nearly all solvents, and nearly zero water uptakes [15-21].

Because PEKK offers desirable and promising biomechanical qualities like com-
pressive (246 MPa), tensile (115 MPa), and flexure strength (200 MPa), its use in the
medical and dentistry fields has expanded recently. PEKK has a comparatively greater
Young’s modulus, at roughly 5.1 GPa. Aside from that, the material is more adaptable
in surface changes, bonding, and better melting temperature than PEEK due to the
addition of ketone groups within its molecular structure [22]. PEKK exhibits shock-
absorbing qualities in a simulated intraoral environment and an elastic modulus that is
remarkably similar to bone (Table 1).

The crystallinity of PEEK is higher than the crystal structure of PEKK because it
contains less ketone. PAEK polymers tend to crystallize as a consequence of chain
packing induced by the ether and ketone linkages. Compared to the ether linkages, the
ketone linkages are less flexible and slow the packing of chains. PEKK possesses both
amorphous and crystalline behavior [1, 21].

2. Processing technologies in the field of restorative and prosthetic
dentistry

PAEKs may be processed with different manufacturing techniques, including
milling, vacuum pressing from pellets or granules, and additive manufacturing
[2, 14].

Selective laser sintering (SLS) and fused deposition modeling (FDM) or fused
filament fabrication (FFF) are the two 3D printing methods that can be used to
produce PEEK. SLS is a method that creates a solid structure by selectively fusing
areas of a powder bed together layer by layer using thermal energy from an electron
beam or laser. A feeder motor is usually used to load the filament into the printing
machine in FDM printing technology. The entire thing is then created by heating it to
a semi-liquid condition, extruding it via a nozzle, and printing it layer by layer on a
bed. SLS printers have a resolution of 50-100 pm; however, they cost a lot more than

Mechanical property PEEK PEKK

Compressive strength (MPa) 118-169 246

Tensile strength (MPa) 100.69 115

Flexure strength (MPa) 140-170 200

Young’s modulus (GPa) 3-4 51
Table 1.

Mechanical properties of PEEK vs. PEKK [3, 22].
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FDM printers. Therefore, although operating at a resolution of 100-150 pm, FDM
printers are commonly used. The majority of applications, nevertheless, are still in the
research stage. PEEK will be presented for use in dentistry based on the advancement
of research on the material in relation to additive manufacturing processes [14, 23].

Nowadays in dental technology, HPP can be processed by pressing the extruded
material with a special vacuum-pressing device. The materials are supplied in granular
or pellet form. By milling HPP restorations from prepressed blanks, computer-aided
design (CAD) and computer-aided manufacturing (CAM) technology allow for an
alternate manufacturing procedure [5] (Figure 2).

Related to the processing technology, studies proved that fixed and removable
prostheses showed appropriate mechanical properties [22]. The mechanical results of
inlays and onlays made of HPP were encouraging, but in order to be practical in vivo
and serve as a substitute dental material, advancements in accuracy and esthetics will
be necessary [24].

Removable partial dentures (RPDs) may be produced in the CAD/CAM workflow
(Figure 3) and also using vacuum-pressing technology.

For fixed restorations, as well, both technologies are indicated. These can be
processed by milling from prepressed blanks (Figure 4) or pressed in molds using
specific devices, like for 2 press 2 (Bredent, Senden, Germany) (Figure 5).

Given the stringent requirements for fit, corrosion resistance, and wear resistance,
PEEK seems to be a viable substitute metal-free material for telescopic crown pro-
duction [25]. All primary and secondary crowns may be achieved by PEEK, by differ-
ent processing technologies, and examples are presented below.

For the primary crowns, a CAD design was achieved, and copings were milled
from Cercon base cast blanks (Dentsply Sirona, Hanau, Germany). The copings were
embedded, and the restorations were obtained by hot vacuum-pressing (Figure 6).

For the secondary crowns, wax patterns were achieved, and restorations were
obtained also by hot vacuum-pressing (Figure 7).

Overdenture was completed (Figure 8).

3. Optical properties

Because of their opaque grayish-brown or pearl-white appearance, PEEK materials
must be veneered with composite resin in esthetic regions, even though they were
created as an attractive substitute for metallic frameworks. A portion of the frame-
work is still visible in the oral cavity if the veneer is only partially applied.

A\ FINOFRAME pEE

hite o Grmarny

CE

Figure 2.
Presentation of HPP materials: (a) PEEK blank and (b) reinforced PEEK pellets.
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Figure 3.
Removable partial dentures with PEEK framework; (a) design of a removable partial denture framework, (b)
removable partial denture on the cast, and (c) removable partial denture with PEEK framework.

Figure 4.
PEEK onlays achieved by CAD/CAM technology: a. PEEK blank after milling the onlays, b. milled onlay and
abutment, c. onlays cemented on vesin abutments.

Furthermore, their compounds—whether connectors, direct retainers, clasps, attach-
ments, or double crowns—will be seen in the oral cavity when the material is used for
the frameworks of removable partial dentures. As a result, finishing and surface
processing ought to be difficult.
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Figure 5.

PEEK restorations achieved by vacuum-pressing technology: (a) design of the vestoration, (b) coping prepared for
embedding, (c) mold with the pellet, (d) pressing step, (e) pressing device, (f) restoration after pressing, and (g)
finished single tooth vestorations on the cast.

Extrinsic factors, like staining from food and beverage colorants, mouth rinses,
and smoking, or intrinsic factors, like the type of resin matrix, percentage and filler
size, age, and processing technology, can cause dental composite resin materials to
become discolored in the oral cavity.

Surface roughness and surface-free energy during surface processing have a major
impact on color stability. According to multiple research, a high surface roughness is
positively correlated with dental resin yellowing, which can be explained by the
increased contact area [6, 11].

In vitro investigations were used to examine the long-term impacts of the com-
bined activities of aging and immersing solutions on the optical characteristics and
color stability of PEEK materials connected to surface treatments (polishing or glaz-
ing) [6]. The goal of the study was to determine how various staining and aging
techniques affected the surface roughness, color changes, and optical characteristics
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Figure 6.
Achieving of the primary crowns: (a) CAD of the primary crowns, (b) milling of the base cast blank, (c) milled
copings on the cast, (d) copings prepared for embedding, and (e) pressed primary crowns.

of an HPP material with 20% ceramic fillers that was between 0.3 and 0.5 microns in
size and reinforced PEEK material (BioHPP, Bredent, Senden, Germany).

To obtain dependable restorations, the behavior of the materials during clinical
usage is crucial, and depending on the kind of material and processing method,
in vitro research may mimic the oral environment. In order to estimate the clinical
stability over the long period, studies conducting thermal cycling tests to simulate oral
environmental variables are the most used [6]. Thermal cycling is a useful method to
accelerate the artificial aging of the samples, by prolonged deterioration. Using baths
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Figure 7.
Achieving of the secondary crowns: (a) wax pattern on the cast, (b) wax pattern prepared for embedding, (c)
pressed secondary crowns on the cast.

Figure 8.
Overdenture on PEEK telescopic crowns: (a) primary telescopic crowns on the cast and (b) overdenture with the
secondary telescopic crowns.

that range in temperature from 5 to 55°C for multiple cycles, the water aging process
incorporates standardized thermal changes. In order to simulate a clinical period of

6 months, 5000 cycles of the thermal aging protocol were used in the artificial aging
simulation [6, 26]. However, the staining cycling period has been compared to an
immersion of 2 minutes per day, which equates to 360 minutes over 6 months, or
720 cycles for each sample and beverage. In order to stain, thermal cycling was carried
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out in two different baths: one with distilled water (37°C) and a hot coffee bath (55°C)
and another with cold juice (5°C) and distilled water (37°C) [6].

Translucency and opalescence, two optical characteristics of dental materials, are
essential for esthetics and for simulating the restorations’ natural look. A spectropho-
tometer gadget measuring the color difference at uniform thickness between black
and white backings is called translucency. The translucency parameter (TP) value is
zero if the substance is totally opaque. The material’s translucency rises in tandem
with the TP value. An item appears bluish and orange/brown in the reflected and
transmitted color due to opalescence, which is defined as a scattering of visible light
wavelengths [27, 28]. It is possible to compute opalescence parameters (OP).

TP and OP are significant optical parameters that were determined using Vita
Easyshade IV (Vita Zahnfabrick, Bad Sickingen, Germany) following spectrophoto-
metric observations. The measures were evaluated using a gray card, WhiBal G7
(White Balance Pocket Card), with black (b) and white (w) backgrounds. A material’s
lightness-darkness is measured by its L* value; perfect black has a L* of 0, and perfect
white has a L* of 100. Redness (positive value) or greenness (negative value) are
represented by the a* coordinate, and yellowness (positive value) or blueness (nega-
tive value) are measured by the b* coordinate [6] (Figure 9).

The following equation was used to calculate the TP values (1):

TP = [(Lp — Lw)2 + (ap —aw)2 + (b, — bw>2]1/z 1

OP values were calculated using Eq. (2).

OP = [(ay ~aw)? + (by — bu)?] v @)

where w and b are color coordinates of the specimens on the white and black
backgrounds.

L=100
(White)

Figure 9.
Optical properties determinations using: (a) a spectrophotometer, a specific card, based on (b) CIELAB color
space.
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The color change values (AE*) were calculated based on the CIE L*a*b*color
system.

The total AE* was calculated according to Eq. (3), which represents the color
difference before and after immersion:

AE* = [(AL*)2+ (Aa*)? + (Ab*)z]l/ ’ (3)

The degrees of color shift were measured using the National Bureau of Standards
(NBS) approach (Table 2). The AE* data were transformed into NBS units in order to
correlate the color shift with a clinical standard: NBS = AE* x 0.92 [6].

The proportional quantity of light that passes through a substance per unit thick-
ness is known as its translucency. Surface conditions, water content, and illumination
were described in relation to the factors that affect translucency. Surface topography
and subsequent light scattering may be altered by surface finishing techniques.
Translucency is so greatly impacted by surface polishing. TP values were discovered
to be influenced by the impacts of staining and heat cycling in addition to the filler’s
effect on dental composite materials [28].

PEEK materials offer an attractive substitute for metallic frameworks, notwith-
standing their infrequent application in monolithic restorations. As a result, their
optical characteristics are crucial and must be connected to the teeth’s optical charac-
teristics. Compared to natural teeth or alternative attractive restoration materials, the
mean TP values of the examined samples fell between 1.25 and 3.60.

The OP values of PEEK were registered to be in the range of 0.27-0.75, which are
also lower than those of natural teeth or other esthetic restorative materials (Figure 10).

NBS units Color changes
0.0-0.5 Extremely small change
0.5-1.5 Modest change
1.5-3.0 Perceptible
3.0-6.0 Significantly change
6.0-12.0 Significantly noticeable change
12.0 or more Shift in color
Table 2.

Color alteration levels as reported by NBS [6].

Mean TP values for all groups Mean OP values for all groups
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& 1.2 ¢
5 1+
a3 g 06 |
2 i s o 04 1 |
Tibieikttd hibiaid
0 1 04
Ag | Ap | Bg | Bp [ Cg | Cp ([ Dg | Dp | Eg | Ep Ag | Ap | Bg Bp | Cg (Cp Dg |Dp | Eg | Ep
TP 360 1,83 2,72 1.56. 1,25 (133 1231 | 253|274 | 1,55 DP'O_?s 0,38 (062 | 037 0_)??0_,‘8 058 | 0.40 n_-ta'n_zs
Subgroup Subgroup
Figure 10.

TP and OP values (mean £ SD) for all tested groups [6].
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The processing protocol for the subgroups included in the study is as follows [6]:
Ag, Ap: control

Bp, Bg: 7 days of distilled water storage

Cp, Cg: 7 days of distilled water storage plus thermal cycling

Dp, Dg: staining with hot coffee, thermal cycling, and distilled water storage

Ep, Eg: for instance, coloring cold fruit-flavored carbonated soft drinks with
distilled water and thermal cycling

p: polished samples.
g: glazed samples.

TP and OP have a very significant positive correlation. In comparison to the
polished samples, the glazed samples showed greater opalescence. The glaze layers
may be the cause of this, as they intensify the samples’ yellowness [29].

The roughness parameters were also taken into account because surface roughness
significantly affects the restoration’s color. The optical characteristics are changed by a
rough surface reflecting less light than a smooth surface. For every subgroup, the
average registered Ra levels were less than 0.13 pm. In hot coffee, thermal cycling and
artificial aging have been shown to raise roughness values and produce noticeable
discolorations. The solubility of the colorants and water absorption may be the cause
of the enhanced surface roughness during a hot coffee soaking. Surface roughness
(Ra) and color stability (AE) have a very strong positive connection (R = 0.976) for
glazed samples and a strong positive correlation (R = 0.634) for polished samples [6].

PEEK glazing has a positive impact on opalescence and surface roughness.
Regardless of surface treatments, artificial aging reduces the translucency and
opalescence of glazed surfaces and deteriorates the color stability and roughness of
PEEK [6].

It can be explained that artificial aging by thermal cycling leads to microcracks,
which increase the surface roughness and enhance water uptake and dissolution.
Water molecules preferentially diffuse along the interface. The difference in the
coefficient of thermal expansion between PEEK and ceramic fillers means that tem-
perature changes create significant micro-stresses at the interface. This drastically
reduces flexural strength, fracture toughness, and fatigue resistance. Debonded filler
particles can be plucked out from the surface, becoming third-body abrasives that
accelerate the wear of both the PEEK and opposing natural teeth. The voids left by lost
filler particles create micro-pores, drastically increasing the surface area and pathways
for fluid ingress and stain absorption. The color changes during clinical use may be
caused by stain accumulation, dissolution of material ingredients, water sorption,
pigment degradation, and surface roughness [15].

According to a different study, staining beverages and cleaning techniques have an
impact on the color changes and surface roughness changes of various dental PEEK
materials [30]. BioHPP, a 20% ceramic reinforced PEEK (BioHPP, Bredent, Senden,
Germany), Finoframe PEEK (Fino GmbH, Bad Bocklet, Germany) and Juvora medi-
cal PEEK (Juvora Ltd. Global Technology Center, Lancashire, UK), and 100% PEEK
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Figure 11.
Discs of PEEK materials: (a) BioHPP, (b) Finoframe, and (c) Juvora [30].

materials were taken into the study. Samples were sectioned from prepressed blanks
(Figure 11).

Hot coffee, hot black tea, cold juice, and distilled water as a control were the four
staining media used. A hot coffee/tea bath (55°C) and a bath filled with distilled water
(37°C) were used for the staining thermal cycling, and a cold juice bath (5°C) and a
bath filled with distilled water (37°C) were used for the same purpose. Mechanical
brushing and chemical treatments were chosen for cleaning.

Juice and tea are examples of staining liquids that can significantly reduce the
surface roughness of PEEK materials. It has been determined that discernible color
changes are specific to tea (BioHPP) and coffee (Juvora). PEEK’s surface and color
properties may be enhanced by chemical cleaning and mechanical brushing. Regard-
ing cleaning, only juice-immersed Juvora that has been chemically treated have shown
noticeable color changes [30].

4. Water solubility

The ability of dental polymers, such as HPP, to absorb water is a key feature.
Water diffuses through the resin matrix and, in the case of composites, most likely
through the filler/matrix interfaces. The polymer undergoes a plasticization process
that degrades the material’s surface qualities and, in turn, its optical qualities.

According to studies, the majority of resin materials began to absorb water and
reach saturation after 7 days of immersion. Once saturation is reached, the polymer
chain separates and the hardness decreases. The amount of water sorption and the
decrease in hardness do not appear to be directly correlated [15, 31]. PEEK and PEKK
have water sorption rates of 0.1-0.5 and 8.7 mg/mm°, respectively [21].

Custom specimens of unmodified and modified PEEK CAD/CAM materials were
investigated: BioHPP, a 20% ceramic reinforced PEEK (BioHPP, Bredent, Senden,
Germany) (B), Finoframe PEEK (Fino GmbH, Bad Bocklet, Germany) (F) and Juvora
medical PEEK (Juvora Ltd. Global Technology Center, Lancashire, UK) (J), 100%
PEEK materials. A contact profilometer was used to assess surface roughness.

Atomic Force Microscopy was used to characterize the nanosurface topography, a
micro-hardness tester was used to quantify Vickers hardness, and color changes were
computed.

Investigations revealed that PEEK materials reached saturation after the first week
of immersion, and during in vitro aging, they lose weight. After the first week of
immersion in distilled water at 37°C, the weight of all specimens increased by
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0.21-0.27%, for all materials. Otherwise, the weight changes in subsequent weeks
were lower than 0.05% (Figure 12).

Microroughness values increased significantly after the first week of water
immersion, and decreased significantly after the following second week. Starting with
the third week, the roughness variations become insignificant. A Surftest SJ-201
(Mitutoyo, Kawasaki, Japan) contact 2 pm stylus profilometer was used to measure
surface roughness (Figure 13). Maximum absolute vertical roughness (Rz) and arith-
metic average roughness (Ra) measurements were made in five distinct directions,
and all data were documented. For every surface, the average of the five measure-
ments was determined. A force of 0.7 mN was applied, and the sampling length was
0.3 mm.

In addition to providing high resolution nanoscale images for the morphology,
surface texture, particle size, and roughness, AFM characterization provides both
qualitative and quantitative data.

A Nanosurf Easy Scan 2 Advanced Research (NanosurfAG, Liestal, Switzerland)
atomic force microscope was used to evaluate samples from each group in non-contact
mode. Values for the maximum amplitude of heights (Sy) and average nanoroughness
(Sa) were recorded. For the sample surfaces, AFM produced matching three-
dimensional profiles (1.12 pm x 1.12 pm) (Figure 14).

Prior to being submerged in water, the samples’ 3D pictures display asymmetrical
surfaces with rounded edges and varying-sized depressions. B > F > ] is the order in
which the depressions’ depth declines. B’s extremely small grain size may result in
consistent homogeneity. The look of the 3D surfaces changes very little during water

Weight change related to the previous period
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Figure 12.
Weight changes of PEEK materials during water immersion.

Figure 13.
Profilometer used for microroughness measurements.
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Figure 14.
Atomic force microscope.

Figure 15.
Topographic images of PEEK blank samples.

immersion; therefore, the ratio of materials changes as follows during the final week
of immersion: F > J > B. The initial report is returned after heat cycling, but the
depressions are less pronounced (Figures 15-17).

The 3D images correlate with the average particle size (Figures 18 and 19).

A micro-hardness tester DM8/DM2 (Yang Yi Technology Co., Lt, Tainan City
70,960, Taiwan, China) was used to evaluate Vickers hardness (Figure 20). A dia-
mond pyramidal indenter was used to apply a 300 g force for 10 seconds. The
indentation dimensions were measured under a 40x microscope after the indenter
was removed. Five indentations on each specimen were chosen for hardness mea-
surements. Dry specimens, specimens submerged in water, and specimens
thermocycling were all used for measurements. The following formula was used to
compute the hardness values (4):

HV = 1.8544 F/d* (4)
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Figure 16.
Topographic images of PEEK blank samples after water immersion.

Figure 17.
Topographic images of PEEK blank samples after thermal cycling.

where d is the diagonal length of the indentation, F is the load, and HV is the
Vickers hardness number.

Water sorption was associated with a decrease in microhardness (Figure 21). This
fact supports a moderate negative direct correlation (R = —0.44) between water
sorption and microhardness. In relation to microhardness, the material most affected
by water immersion and thermocycling is the reinforced PEEK [15]. After immersion,
the PEEK with 20% ceramic filler showed the greatest hardness drop; this could be
because of the filler-matrix interaction.

Studies show that, by increasing more than 20% by weight the number of
nanofillers, a decline in the mechanical properties was registered, possible due to the
higher amounts of nanofillers, which could restrict the mobility of the polymer chains,
decreasing the degree of crystallinity [32].

Although there appears to be no direct relationship between the amount of water
sorption and the reduction in hardness, water plasticization can be enhanced after
saturation, leading to polymer chain separation and hardness reduction [15].

The ether (C-O-C) and ketone (C=0) groups in PEEK susceptible to slow hydro-
lysis. In the mouth, long-term exposure to water (saliva, beverages), changes in
pH (acidic foods, bacterial plaque acids), and temperature cycling (hot/cold drinks)
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Figure 18.
Particle size distribution: (a) before immersion, (b) after water sorption and (c) after thermal cycling.
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Figure 19.
Mean particle size distribution.

can facilitate this process. The hydrophilic characteristics of these monomers, and
polymer network configurations are also important factors that determine composite
performance. PEEK’ aryl ring, which contains ketone and other compounds, gives it
extremely stable chemical and physical characteristics. In contrast to other polymer-
based CAD/CAM materials, it exhibits low solubility and water sorption and is stable
at high temperatures [18, 19].

The hardness decrease was significant during the whole period of immersion
(7.23-10.94%) and during thermocycling (0.12-2.31%). There were significant
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Figure 20.
Microhardness tester.

Hardness decrease after water sorption and thermal cycling
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Figure 21.
Hardness decrease after water immersion and thermal cycling.

differences between all materials. In relation to microhardness, the most affected by
water immersion and thermocycling was the reinforced PEEK.

Thermal cycling, which primarily involves temperature changes and water
immersion in controlled laboratory settings, can be used as an artificial aging tech-
nique. Microcracks, which raise surface roughness and improve water absorption and
dissolution, are likely the result of thermal cycling [33, 34]. The present analysis
showed that, while there were no appreciable variations between the materials,
microroughness increased significantly with water immersion and thermocycling. The
roughness is maintained within clinically recognized bounds, though. Ra and Sa were
shown to have a moderate connection (R = 0.49), which is associated with thermal
cycling. In terms of nanosurface topography and nanoroughness, the reinforced PEEK
material has undergone the most aging modification. Thermal cycling and water
immersion have an impact on the materials’ surface properties.
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Microroughness increased significantly as a result of thermal cycling, although there
were no appreciable variations among the materials under study. The reinforced PEEK
material underwent the greatest aging modification in relation to the nanosurface topog-
raphy and roughness. For all materials, the color changes following a year of simulated
in vitro aging and 4 weeks of water immersion ranged from very modest to slight.

5. HPP for removable partial dentures

The drawbacks of metallic RPD frameworks, particularly direct retainers, include
their unattractiveness and the potential for allergic responses and oral galvanism in
certain patients. These issues have been resolved by thermoplastic materials [2, 5].

HPP may be used for RPDs as dental clasps and frameworks. Clasps can be used to
provide retention for a long time, but the design have to be customized. HPP can also
be used as attachments [3].

The production of lighter metal-free RPDs is made possible by PEEK’s advanta-
geous qualities, which include excellent biocompatibility, good mechanical qualities,
good thermal and chemical resistance, white color, and low specific weight. These
qualities also eliminate the unsightly display of metal claps and the possibility of
metallic taste and allergies associated with traditional RDP metal frameworks [12].

Regarding PEEK materials’ potential application as RDP clasps and their strong
resistance to artificial aging in saliva, a prior study found encouraging results [5]. To
allow the adoption of PEEK as a clasp material to a wider extent, it is important to
undertake further investigations, including a variety of clasp shapes and geometries
[5]. PEEK materials provide excellent esthetic results and good material homogeneity.
Furthermore, PEEK materials may have a favorable outcome for patients who are
prone to allergies because of their high surface resistance, minimal reactivity, and
extremely inert behavior in the oral cavity [20].

After being stored in water and artificially aged using thermal cycling, clasps
manufactured of various PEEK materials were compared to a Co-Cr-Mo control group
to determine their retention force. In order to guarantee enough retention force, flexible
PEEK may need a deeper undercut, and retention force initially decreased. PEEK clasps
could be made thicker and more undercut to give enough retentive force to compensate
this shortcoming. Regarding the results of the current study, it is important to highlight
PEEK’s encouraging performance when the clasps are repeatedly inserted and removed
as well as its generally high retention force, even after artificial aging [5, 10, 35, 36].

Specific clasp designs should be designed in order to evaluate the retention force
and mechanical behavior. Due to the PEEK’s low elastic modulus compared to
CoCrMo alloys, clasps may not withstand during a repetitive insertion and removal.
The parameters of the thickness should be increased, and a greater undercut is pro-
vided for an adequate retentive force. Studies in the field of attachments should be
extended. Conducting in vitro studies of each component of the RPD frameworks, the
results should be provided for further in vivo studies.

Due to its high elasticity, PEEK could reduce stresses and distal torque on the
abutment teeth during function [12, 37].

6. Marginal and internal fit HPP restorations

One important element that may affect how long prosthetic restorations last is
adaptability. It depends on the frequency and size of gaps determined by
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morphological disproportion between the restoration and the dental hard tissues. The
difference between the restoration’s edge and the preparation line is known as the
marginal gap (MG), while the difference between the restoration’s interior and the
dental structure is known as the internal gap (IG) [38-41].

The excellent properties of thermoplastic HPP offer new perspectives for restor-
ative applications. These materials are strong, stiff, free of pores and free monomers,
resistant to hydrolysis at different temperatures, and able to bear heavy loads.

Internal and marginal gaps are often evaluated using two non-invasive techniques:
micro-computed tomography (micro-CT) and the replica technique. The replica
method is acknowledged as a simple, dependable, and less costly approach. However,
numerous drawbacks have been noted, including the difficulty of identifying the
margins, the potential for errors due to cutting the silicone, the restricted number of
locations that can be measured, and the fact that the accuracy varies depending on the
measurement method and kind of impression material. Cementing the specimens
without cutting them allows Micro-CT, a 3D imaging technology, to do the study. By
rotating and seeing the samples as virtual slices, any parameter can be measured and
compared at various stages of the experiment [39].

Three distinct HPP were used to create the MOD onlays: 20% ceramic reinforced
PEEK-BioHPP (Bredent group GmbH & Co.KG, Senden, Germany); PEEK-Juvora
Natural Dental (Juvora Ltd. Global Technology Center, Lancashire, UK); and PEKK-
Pekkton ivory (Cendrez + Metaux, Biel/Bienne, Switzerland).

By measuring the cement layer’s thickness at various internal and marginal points
and statistically analyzing the mean values found in the two sagittal and coronal
sections for the polymer and among the materials, the adaptability was evaluated
(Figure 22) [39].

The accuracy was affected by the type of polymer (composition, mechanical char-
acteristics, and machinability). The ceramic-reinforced PEEK material has the best

Pekkton ’\f-\

Juvora

Bio-HPP

Figure 22.
CT images with sagittal and coronal sections [39].
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behavior, followed by PEKK and untreated PEKK. In terms of adaptability, all of the
polymers are clinically acceptable. For all three materials, the internal gap values were
substantially higher than the marginal gap values.

There is no standard threshold for clinically acceptable marginal precision, but it
has been stated that the greatest marginal gap is 120 microns. Research indicates that
compared to PEEK pressed copings, the marginal precision of PEEK CAD-CAM pro-
duced copings exhibited noticeably reduced mean marginal gap values. The marginal
gap mean values reported were all within a clinically acceptable range [42-44].

7. Wear behavior of HPP restorations

The wear resistance of dental restorative materials is an important factor for
clinical decisions and the success in maintaining the vertical dimension. Little infor-
mation is available for the long-term wear behavior of HPP restorations. In vitro
studies are facile and faster options for the evaluation of the wear behavior of these
materials.

Wear is described as a continuous and gradual loss of surface material, resulting
from mechanical interaction between two surfaces which exhibit motion. This bio-
mechanical phenomenon may be simulated with focus on attrition, through two-body
wear interactions. The selection of clinical relevant wear parameters that can be
applied for in vitro studies is important. For quantifications, usually the area of the
wear region and volumetric loss is used [45].

Pressed and milled BioHPP, 20% ceramic reinforced PEEK materials (Bredent,
Senden, Germany), Finoframe PEEK (Fino GmbH, Bad Bocklet, Germany) and
Pekkton (Cendrez + Metaux, Biel/Bienne, Switzerland) were taken into the study, due
to their indication areas in prosthodontics.

Flat specimens were worn against spherical antagonist, using a rotating ball-on-flat
customized tribometer testing machine [46]. Metallic balls with a radius of 6.35 mm
were used as antagonists. The hardness of the metallic balls was measured (mean
Vickers hardness: 902.8 GPa).

In relation to dental materials, this configuration offers an advantage over other
simulators, ensuing near-circular wear scars, reproducing the basic topographical
features of clinically observed wear facets and affords a relatively simple evaluation of
wear rates. The antagonist was allowed to directly strike the specimens with a mean
force of 30 N at a rate of 30 rpm in order to conduct wear simulation experiments
[47]. Periods of 1, 2, and 4 h were chosen. In order to resemble an oral lubrication
environment, a 33% glycerin solution was used to mimic stimulated saliva. Tests were
run at room temperature [48].

The sliding distance L across each scar at cumulative test duration t was deter-
mined from tetrahedral geometry as in the formula (5):

L = 2xRftsin® (5)

where the angle between the line from the sphere center to the specimen contact
and the rotation axis is 0 = 37°.

Resulted sliding distances were L = 43.22 m (1h), 86.44 (2h), and 172.88 (4 h).

Low magnification micrographs were taken to analyze the shape of the wear facet/
scar. Scar radii r were measured optically both parallel and perpendicular to the sliding
direction, and average values were calculated (Figures 23-26).
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a b. A

Figure 23.
Optical images of the wear scars for pressed BioHPP after different periods of time: (a) 1 h, (b) 2 h, and (c) 4 h.

a. b.

Figure 24.
Optical images of the wear scars for milled BioHPP after different periods of time: (a) 1 h, (b) 2 h, and (c) 4 h.

a. b. C.

Figure 25.
Optical images of the wear scars for Juvora after different periods of time: (a) 1 h, (b) 2 h, and (c) 4 h.

After the wear simulation tests, the specimens were ultrasonically cleaned in
distilled water for 3 min and then investigated.

Near-circular wear scars on the plates were examined by optical microscopy under
4x magnification. Volumetric wear and wear surface area data were analyzed.

Scar volumes V were computed from the simple conformational relation (6)
(Figure 27) [47]:

V = ar* /4R (6)

The maximum depth of wear h (pm) was determined, and mean values were
calculated with the formula (7) (Figure 28):

h=R- (R2-r)" )

where R is the radius of the counter ball and r the radius of the wear scar [49].
The rate of material loss can be expressed as the wear rate [50]. Wear rate (pm/
1000 cycles) can be calculated (Figure 29) as in the formula (8).
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Figure 26.
Optical images of the wear scars for Pekkton after different periods of time: (a) 1 h, (b) 2 h, and (c) 4 h.

Scar volume for HPP samples, related to wear periods
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Figure 27.
Scar volume of the HPP samples.
Maximum depth of wear (um) x 10° /number of cycles (8)

Wear rates gradually declined with an increasing number of cycles due to the
increased contact surface area. In terms of the number of cycles the test was
conducted under simulations of 1800-7200 cycles. The primary cause of tooth wear is
tooth-to-tooth contact brought on by bruxism, clenching, and parafunctional forces,
which have been found to happen at an average rate of roughly 8.1 cycles per hour.
Assuming this mastication rate, periods of approximately 10, 20, and 40 days were
simulated.

The target material’s characteristics, antagonists, and experimental parameters
including loading force on materials, cycle count, masticatory cycle reproduction
method, and lubricant all affect how much wear occurs. Therefore, the amount of
material loss caused by the ball material used in the present study cannot easily be
compared with other reported in the literature [44].

According to Archard’s law specific wear rates were calculated with the formula
(9) [47] (Figure 30):

Specific wear rate = V/PL [x10 ~*mm?/Nm)| 9)
Volumetric loss indicates the overall surface wear, while vertical loss is limited to

linear measurements. Adopting both vertical and volumetric loss measurements
would help to understand better the wear dynamics [51].
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Scar depth for HPP samples, related to wear periods
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Figure 28.
Scar depth of the HPP samples.
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Figure 29.
Wear vates of the HPP samples (maximum depth of wear/1000 cycles).
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Figure 30.
Specific wear vates of the HPP samples.
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For further studies the introductions of clinical relevant wear parameters that can
be applied for in vitro studies is an opportunity, like materials, loading force, fre-
quency rate, number of cycles, and environment. Reproducibility und time-efficiency
are advantages of these in vitro studies. In vivo studies reflect the multifactorial
nature of wear in the oral environment, with all its biological and behavioral variables.

8. Conclusions

The following conclusions summarize the content of this topic.

High-performance polymers (HPPs), which are substantially more expensive and
challenging to produce, are in the top class of plastics according to the polymer
pyramid. Among all these materials, PEEK is the most used in practice. It is well-
known for its excellent mechanical qualities, low specific weight, low plaque affinity,
low temperature resistance, chemical stability, high polishing potential, low specific
weight, low wear resistance, and good bond strength with luting cements and veneer-
ing composites. They may be processed with different manufacturing techniques
including milling, vacuum pressing from pellets or granules, and additive
manufacturing.

Study observed promising results for PEEK materials with regard to their potential
use as RPD frameworks. For fixed restorations, the recorded marginal gap mean
values were all within a clinically acceptable range. Their surface processing and
finishing should be a challenge. Artificial aging damages the color stability and rough-
ness of PEEK. Water absorption was associated with a decrease in microhardness. The
wear resistance of dental restorative materials is an important factor for clinical
decisions and the success in maintaining the vertical dimension. Adopting wear quan-
tification methods and finding new correlations would help to understand better the
wear dynamics of HPP.

All studies and investigations leads to state that HPPs offer new perspectives for
prosthetic and restorative applications in dentistry. Therefore, different applications
and specific designs have to be assessed and taken into consideration.
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Evaluation of Mechanical and
Optical Properties of Monolithic
Zirconia for Restorative Dentistry
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Abstract

The continuous development and promotion of dental ceramic materials for
computer-assisted design (CAD)/computer-assisted manufacturing (CAM) tech-
nologies have led to significant advancements in dentistry. Due to their excellent
mechanical and aesthetic properties, biocompatibility, chemical stability or aging
behavior in the oral environment, the new generations of zirconia for monolithic
dental restorations, processed using CAD/CAM subtractive technologies, offer
multiple prospects in prosthetic applications. Yttria-stabilized tetragonal zirconia
(3Y-TZP) contains 3 mol% Y,0; and exhibit opacity but high strength and fracture
toughness. To obtain a material with high translucency and also resistant, the
crystal structure of the conventional material was modified. The increase in the
yttria content to 4 or 5 mol% and of the cubic phase to 15 to over 50% results in two
polycrystalline zirconia (4Y- and 5Y-TZP) with superior aesthetics at the expense of
mechanical properties. These compositional differences are decisive and influence
the individual characteristics of each dental zirconia system. Alongside factors as
the processing and sintering method or surface treatment, they have an impact on
clinical properties such as surface roughness, toughness/microhardness, translu-
cency and resistance to the aging process. In this context, the present study aims to
summarize and update the data regarding the classification, mechanical and optical
properties, applications, and future perspectives in the use of monolithic translucent
zirconia. It provides clinicians with information to find a balance between aesthetics
and strength, to preserve properties of material over time, and to extend the lifespan
of dental restorations, for the benefit of patients.

Keywords: translucent zirconia, microroughness, surface topography, optical
properties, color changes, microhardness, artificial aging
1. Introduction

Zirconia has become one of the most demanded and used materials, with numer-
ous indications in restorative dentistry. Monolithic zirconia manufactured by CAD/
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CAM technology is known as the most commonly prescribed material for posterior
crowns, and multilayer zirconia as the second most used material for anterior
crowns [1]. These metal-free restorations have considerable advantages: high flexural
strength, satisfactory aesthetics, accurate milling and chipping complications are
avoided, minimal wear of antagonists. They require more conservative dental prepa-
ration, fewer dental sessions and less laboratory time. Through successive changes in
the microstructure, several generations of monolithic zirconia have been developed
over time, aiming to obtain a more aesthetic material with increased flexural strength
and fracture toughness [2].

Silicate ceramics are aesthetically impeccable, but in terms of mechanical proper-
ties, they are obviously weaker than polycrystalline ceramics and resin-based ceram-
ics. Polycrystalline ceramics are less translucent, but their optical properties can be
favorably compared with those of other non-ceramic materials [3].

The biaxial flexural strength of monolithic zirconia can vary from 688+159 MPa
to 1194111 MPa, depending on the type and content of the dopant, significantly
exceeding the strength of lithium disilicate (460+53MPa) [4, 5]; however, it decreases
with increasing yttria content.

3Y-TZP is mainly composed of the tetragonal phase (over 85% content), with
the surface being almost completely made up of this phase, resulting in increased
strength due to a more pronounced transformation toughening (t to m). However,

a high content of the tetragonal phase makes zirconia more susceptible to the aging
process. Although the tetragonal phase and transformation toughening provide
zirconia with excellent mechanical properties, they also restrict the translucency and
aging resistance [2, 6].

Achieving greater translucency of zirconia can be targeted with several strategies:
Enhancing the amount of dopant and cubic phase and refining the microstructure by
considerably increasing the grain size and, implicitly, reducing residual porosity so
that there are fewer boundaries to interfere with light [6].

These microstructural variations not only induce significant improvements in the
optical performance of zirconia but also inevitably generate substantial changes in
its mechanical properties, influencing long-term stability [7]. Debates related to the
balance between mechanical and aesthetic properties require additional experimental
studies to successfully implement them in dental practice.

In addition, processing and finishing methods, different surface treatments,
can impact color stability over time and affect the quality and, at the same time, the
longevity of dental restorations [8]. Surface treatments (polishing, glazing) not only
improve aesthetics but also prevent wear of opposing teeth and reduce bacterial adhe-
sion and inflammatory reactions [9, 10].

It is known that these materials are differently susceptible to the aging process or
so-called “low-temperature degradation,” which can occur, depending on the compo-
sition, microstructure and local stress state, when the surface is exposed to moderate
temperatures in a humid environment [11-14]. According to some meta-analyses and
recent studies, monolithic zirconia restorations on natural teeth have a high survival
rate of 91-100% [15]. It has been observed that the chipping rate of monolithic
zirconia crowns was significantly lower (0%) compared to that of metal-ceramic
crowns (7.61%) [16]. Additionally, a success rate of over 80% was reported over a
period of 3-10 years for single-unit resin-bonded dental prostheses [17], and regard-
ing implant-supported prostheses on a complete arch, a high survival rate of 97.23%
was documented over a period of 4 years [18].
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Material Manufacturer Yttria content Flexural strength
Bruxir 16 shaded plus Glidewell direct, USA 3 mol % > 1000 MPa
Katana HTML plus Katana, Kuraray Noritake Dental, Tokyo, 3 mol % 1150 MPa
Japan
IPS e.max ZirCad LT Ivoclar Vivadent, Schaan, Liechtenstein 3 mol % 1200MPa
Katana STML Katana, Kuraray Noritake Dental, ToKyo, 4 mol % 750 MPa
Japan (7-10wt%)
IPS e.maxZirCad Ivoclar Vivadent, Schaan, Liechtenstein 4 mol % cervical 850 MPa dentin
Medium translucency 4+5 mol 650 MPa incisal
(MT) Multi Y%transition
5 mol % incisal
Ceramill Zolid fx Amman Girbach, Koblach, Austria 5 mol % 700 MPa
Multi-layer (ML)
Katana UTML Katana, Kuraray Noritake Dental, Tokyo, 5mol % 555 MPa
Japan
IPS e.max ZirCad Prime Ivoclar Vivadent,Schaan, Liechtenstein 3 mol % dentin 650-1200 MPa
3+5 mol % gradient

5 mol % incisal

Table 1.
Monolithic dental zirconia is used in the dental field (according to the manufacturer’s indications).

There are still insufficient studies on how the specific characteristics, resistance
and aging behavior of these materials are influenced throughout their functional life.
Several commercial materials with different compositions and various mechanical
and optical properties are presented in Table 1 [19-22].

2. The role of composition and microstructure on mechanical and optical
properties for different types of monolithic zirconia

The starting powders contain additives and a binder that are pressed together
using the isostatic method. Metal oxides are also added: Yttrium oxide (Y,0;) to
stabilize the tetragonal phase, aluminum oxide (AL,O3) to prevent water corrosion,
and hafnium oxide to prevent and reduce pore development and color defects [23].
Some components are removed by heating, leading to the formation of the material in
a pre-sintered (or “green”) state. Zirconia remains soft enough to be easily machined,
yet hard enough to preserve its shape. The final shape of the dental restoration is
obtained by milling a disk or block of partially sintered zirconia, followed by com-
plete sintering, accompanied by a shrinkage of approximately 20% [2, 24].

There are two types of zirconia blanks. Fully sintered blanks—with high hardness
and strength—are machined with diamond rotary tools, known as hard milling. The
pre-sintered blanks—which are soft-milled into a chalk-like state using hard metal
rotary tools, and then sintered to achieve the final hardness. During this procedure,
the pre-sintered zirconia shrinks by 20-30% of its volume, and the software can
correlate the shrinkage of the restoration obtained after sintering. The milling process
can be performed by two methods: Wet milling—for fully sintered blanks, the system
uses a special liquid to cool the rotating instruments, and dry milling—for pre-
sintered blocks (Figure1).
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Figure 1.
Zirconia blocks and disks in the pre-sintered state after milling the dental restorations.

Monolithic zirconia in the shape of blocks or disks can be processed using the
computer-aided design/computer-aided manufacturing (CAD/CAM) system,
which performs the scanning, computer-aided design, and milling process of dental
restorations.

With CAD/CAM technology, a half-arch digital impression can be obtained in 40
seconds, and clinicians can examine the accuracy of the restoration before starting
the milling process. In addition, this system is designed to allow the individualized
manufacture of dental restorations (inlay/onlay, veneers, crowns), in the dental
office or in the dental laboratory. The quality of restorations is extremely high due
to the accurate data obtained during scanning and the precision of manufacturing.
Additionally, their appearance is very natural, as the material is available in a very
wide range of shades, with translucency similar to that of natural enamel [25].

Zirconia is a polymorphic material, meaning it can exist in three crystalline phases
(structures), depending on temperature and pressure: Monoclinic (m), tetragonal (t)
and cubic (c). After final sintering, all three phases coexist in varying percentages.
This results in a variety of material options with different optical and mechanical
properties

By incorporating different amounts of stabilizers (Y,0;—yttrium oxide, CaO—cal-
cium oxide, MgO—magnesium oxide), partially or fully stabilized zirconia results. The
most common dopant used is Y,0; By adding 8 mol% Y,0; or 16 mol% MgO or CaO,
the dopants can almost completely stabilize the cubic phase and fully stabilized zirconia is
achieved. Smaller amounts of these dopants induce the formation of partially stabilized
zirconia (PSZ) with mainly tetragonal and cubic metastable phases [2, 6, 26].

The adjustment of the cooling procedure and a quantity of 3-5 mol% Y,0; results
in a zirconia composed mainly of cubic phase and a tetragonal phase of a defined size,
homogeneously distributed in the cubic matrix, known as yttrium stabilized tetragonal
zirconia polycrystals (Y-TZP). The quantity and name of the dopant are indicated in
front of the abbreviation.

Due to the incorporation of stabilizers, zirconia with remarkable properties,
such as high hardness, flexural strength and chemical resistance, can be obtained.
Parameters such as the amount of dopant, particle size and temperature can influence
the tetragonal to monoclinic transformation [23, 27].
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2.1 Transformation toughening

Zirconia types can be differentiated by the tetragonal/cubic phase ratio, which is
influenced by the yttria content. It has been established that the mechanical prop-
erties (flexural strength, toughness) of zirconia increase proportionally with the
tetragonal phase content, and a large amount of monoclinic and cubic phase deter-
mines inferior mechanical properties. Thus, three major properties of zirconia are
influenced by these microstructural differences: Translucency, toughness and aging
behavior [28].

The transformation of t into m generates a local increase in strength and flex-
ural toughness, being an important advantage in partially stabilized zirconia.
Transformation toughening represents the ability of zirconia to stop and resist crack
propagation, associated with increasing fracture toughness (Figure 2).

The microstructure characteristics and particle size determine and influence the
transformation ability at the appropriate temperature. If the grains of the tetragonal
phase are too small or too large, zirconia loses its transformation ability during crack
formation. At a particle size of less than 0.3 pm, zirconia loses its t-m transforma-
tion capacity when cracks occur, and therefore, the fracture toughness decreases. If
the particles are larger than 1 pm, zirconia can undergo a spontaneous tetragonal to
monoclinic (t to m) transformation, which can lead to different failures [29, 30].

The cubic phase of the material cannot undergo transformation toughening.

A study analyzed the capacity of 3Y-, 4Y- and 5Y-TZP to undergo transformation
toughening: 3Y- was able to undergo transformation, 4Y- (with 75% tetragonal phase)
underwent some transformation, and 5Y- (with 50% tetragonal phase) underwent
almost no transformation [26, 29].

2.1.1 Generations of zirconia

Dental zirconia can be classified into four categories/generations based on the
yttria content and according to their optical and mechanical properties (Table 2).

First generation 3Y-TZP (known as conventional zirconia): For additional stabi-
lization of the tetragonal phase (98 %), this high-strength zirconia contains 3 mol%
yttria and 0.25% alumina, which was a source of opacity. The material has the highest
mechanical strength (1200 MPa) at the expense of optical properties, which are
lower. The high refractive index is created by the many very small grains and implic-
itly by the large number of boundaries and interfaces through which light does not
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Figure 2.
Schematic representation of transformation toughening in Y-TZP.
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Reducing in Al,O3 and Increase in Y,03 Decrease in Y,03
repositioning
1* Generation 2™ Generation 3" Generation 4™ Generation
1995 2013 2015 2017
~3 mol% Y203 ~3 mol% Y203 ~5mol% Y203 ~4 mol% YzO3
~0.25w% ALO; ~0.05w% ALO; ~0.05w% ALO; ~0.05w% ALO;
up to 53% cubic 25% cubic phase
3Y-TZP: Opaque 3Y-TZP: Optical improved S5Y-TZP: Most translucent 4Y-TZP: Largely opaque
Highest mechanical Highest mechanical Lower mechanical High mechanical
properties properties properties properties
White opaque Some translucency Most translucency Moderate translucency
Mainly tetragonal phase Mainly tetragonal phase More cubic, less tetragonal Tetragonal and cubic
phase phases
Table 2.

Chronological overview of zirconia generations and their chavacteristics.

pass. Multi-unit dental restorations with minimal wall thicknesses can be fabricated
from these materials.

Second generation 3Y-TZP: In the material structure, the yttria content of 3 mol%
was maintained, but the alumina content was reduced from 0.25 to 0.05%. The
excellent mechanical properties were preserved, and in addition, the translucency
was improved, as the alumina particles were placed at the boundaries of the zirconia
particles, allowing a higher level of light transmission.

Third generation: 5Y-TZP (known as high-translucent zirconia): The crystalline
structure of zirconia was modified by increasing the dopant amount to 5 mol%
yttria and, at the same time, the cubic phase content up to 50%. This implies an
increase in the size of the cubic particles, reducing porosity and increasing light
transmission by 43-45%. All these changes led to a significant improvement in
translucency but also to a reduction in fracture toughness and flexural strength
with a negative impact on the mechanical properties. The translucency of 5Y-TZP is
slightly lower compared to that of lithium silicate, while the mechanical properties
are superior.

Fourth generation: 4Y-TZP: In the fourth generation, the Y,0; content was reduced
to 4 mol% to stabilize around 25% of the cubic phase. Compared to the third genera-
tion, it is characterized by lower optical properties and higher mechanical strength.
4Y-TZP is recommended for performing monolithic restoration with three units,
including molar restorations, while 5Y-TZP is recommended for individual monolithic
crowns in the anterior and posterior regions and for three-unit restorations in the
anterior region [26, 31].

A certain disadvantage of these two new generations (third and fourth) is the
lower strength and fracture toughness compared to 3Y-TZP, as they contain lower
amounts of the tetragonal phase, leading to a reduced possibility of t-m transforma-
tion, which means less transformation toughening [26, 32].

2.2 The multilayered zirconia

To overcome the aesthetic limitations of monochromatic materials, multilay-
ered zirconia blanks have been introduced. For different zirconia generations,
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gradient-shaded disks or blocks are available. Multilayer zirconia contains three or
four pre-colored, polychromatic layers that simulate different translucencies and
shades of natural teeth, with decreasing chroma and opacity toward the incisal area.
The arrangement varies from the most opaque layer in the cervical area, followed by
one or two transition layers, to the translucent occlusal/incisal area. The dentin layer
is more colored and opaque, while the enamel layer is more transparent, due to its
considerable light permeability (Figure 3) [33, 34]. The invisible transition between
the differently colored layers is obtained through a specific process of crystal distribu-
tion during the pre-sintering stage, and it was shown that the interfaces between the
layers were not weak links [35]. This material is the ideal choice for restoration in the
anterior area, where aesthetic requirements prevail: Veneers, single crowns and three-
unit fixed dental prostheses, suprastructure on implants.

Previous studies showed that the first multilayer zirconia that was introduced to
the market (Katana, Kuraray Noritake), contained the same amount of cubic phase
and yttrium in the layers of the material, and only the composition of the pig-
ments created the color difference between the layers [28]. The layers may contain
mixtures of phases with different distributions of particle size and boundaries [14].
Polychromatic layers have various formulations depending on the chemical composi-
tion and amount of dopants; therefore, there may be possible dissimilarity between
layers in terms of physical properties, combining high translucency with high
strength [34, 36]. A thorough understanding of the local composition is necessary for
a complete characterization of the materials.

When two different commercial materials were tested: STML (Katana Kuraray
Noritake Dental) described by the manufacturers as being composed of four lay-
ers (enamel, transition 1 and 2, dentin), entirely containing 4Y-TZP, and IPS e.
max ZirCad Prime (Ivoclar AG), composed of three layers (incisal 5Y-, gradient
zone 3Y+5Y-, dentin 3Y-). From top to bottom, no substantial differences in yttria
(9.6%-9.8) and tetragonal phase (30.6-35.3%) content were found among the lay-
ers in STML, but certain differences were identified within Prime (10.1-5.9%) and
(61.8-73.3%) respectively [37].

In many studies and most comparisons of the layers, the materials showed differ-
ences in terms of light transmission and biaxial strength, depending on the elemental
composition and the overall composition of the phases in the tested areas. In addition,

Figure 3.
Samples obtained from multilayer zivconia blocks.
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these parameters define the optical and mechanical properties of zirconia [35, 38, 39].
Recent studies reveal that multilayered zirconia with a content of 8.5-9.5% mol yttria
surpasses traditional monolithic multilayer zirconia in terms of translucency and
color rendering value, thus demonstrating a significant optical improvement of this
new type of material [4]. Due to its reduced surface hardness, it protects opposing
teeth, yet it has shown superior wear resistance [16]. A great advantage of using
multilayer zirconia is that after the sintering procedure, the restorations are almost
complete. Staining is accomplished when specific individualization is required.

3. Surface characteristics and mechanical properties

Flexural strength is an indicator for estimating the strength of brittle materials.
Fracture toughness characterizes the ability of a material to resist crack propagation,
developed as a result of machining or finishing procedures, or the existence of defects
and pores; it is an indicator for assessing the failure of brittle materials at the moment
of fracture. Lower toughness could induce more bulk fractures and chipping dur-
ing their functional service. Regarding the performance of monolithic zirconia, the
following values were reported: For 3Y-TZP (opaque zirconia)—fracture toughness
of 7-9 MPa m1/2 and flexural strength of 900-1200 MPa; for 5Y-TZP (translucent
zirconia)—fracture toughness of 2.2-4 MPa and flexural strength of 700-800 MPa;
respectively for 4Y-TZP, fracture toughness of 2.5-3.5 MPa m1/2 and flexural strength
of 600-900 MPa [7, 23].

By comparison of color-graded (4Y or 5Y) and strength and color-graded (3Y+5Y)
zirconia, the intaglio (bottom) zone of the strength-graded material was significantly
stronger, in terms of flexural strength, than the other areas [37].

It was observed that the difference in wear patterns induces more severe wear on
translucent multilayer zirconia compared to conventional (3Y-) material, showing a
greater wear depth and a higher volume loss; due to the probable greater proportion
of cubic phase in the upper layer [36, 40].

When the amount of dopant and implicitly the cubic phase content is high, the
surface roughness is increased, which means that it is higher for 5Y-TZP than for
3Y-TZP, and the mechanical properties in high-translucent zirconia are lower [5].

Surface treatments, such as polishing and glazing, enhance the aesthetics of dental
restorations and reduce bacterial accumulation and inflammatory response of peri-
odontal tissue. They have a relevant impact on optical and mechanical parameters,
both before and after material aging [41].

Glazing is a dental laboratory procedure and consists of applying a layer of a
mixture of powder and colorless glass liquid, which evenly covers the surface and
smoothens it, seals pores, reduces roughness and maintains color stability. The
appearance of the glazed surface can be affected by the layer deposition technique, its
thickness, adhesion capacity, and the characteristics of the layer-zirconia interface,
which can result in a wavy surface with small defects and irregular areas. The glaze
layer can wear off after six months in an iz vivo environment, allowing exposure of
the underlying material [42]. The glazed layer of translucent monolithic zirconia
has been found to be the most abrasive to the opposing enamel. Beneath the glazed
layer, the material has a rough surface and, when exposed, induces more wear on the
enamel of the opposing teeth than a polished surface [43].

Glazed surfaces were the smoothest compared to sintered ones and those
processed with diamond burs. In the case of sintered zirconia, grinding causes a
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significant increase in surface roughness, whereas polishing significantly reduces it.
Studies have shown that polished-glazed surfaces exhibit better wear resistance than
glazed surfaces, inducing long-term retention of the glaze layer [44]. Glazing can
reduce the strength of high-translucency zirconia (5Y-), while polishing and glass
infiltration may lead to achieving a balance between aesthetic and strength [45].
Other research has revealed that polished surfaces were smoother than the glazed or
sintered ones, and the roughness of polished material belonging to some brands of
monolithic zirconia was lower than that of feldspathic ceramics, and higher than that
of lithium-disilicate pressed ceramics [43, 46].

The polishing ability of monolithic zirconia is influenced by the microstructure,
the amount of stabilizer and cubic phase, the particle size, and the polishing pro-
tocols. Due to the resulting residual stress, polishing induces t to m transformation
zones around the scratches, causing an increase in the monoclinic phase. This results
in increased surface roughness and a reduction of translucency. It is also shown that
polished monolithic zirconia causes less wear on antagonist teeth than glazed ones,
and it presents the smoothest surface [47].

Gentle polishing, performed with a low-speed handpiece associated with small-
grit instruments (15-30 pm), induces a less extensive t to m transformation, without
or with minor defects in zirconia with different yttria amount [10].

Polished surfaces tend to be more resistant than as-machined ones, and air-
abrasion surface conditioning of restorations obtained using CAD/CAM technology
can improve cement adhesion and also increase its resistance to hydrothermal degra-
dation [48]. According to previous studies, the polished surface of zirconia exhibited
lower biofilm adhesion, while its texture (roughness) remained minimally affected
by acidic media, thanks to its remarkable hardness, proving significant advantages for
long-term use [49].

Nondestructive tests (Figure 4) are used to evaluate surface roughness, nano-
roughness, porosity and defects that could influence the durability and quality of
dental restorations. The assessment of surface roughness can be carried out using a
contact profilometer, a device that enables the calculation of Ra (pm) and Rz (pm)
parameters. Ra is the average surface roughness, and Rz is the maximum surface
roughness.

For the analysis of the nanosurface characteristics, an atomic force microscope
is used. Atomic Force Microscopy (AFM) provides three-dimensional images and
enables the calculation of Sa (nm) and Sq (nm) nanoroughness parameters. Sa—is
the arithmetical mean height, and Sq—is the root mean square height. Additionally,
for investigating the changes of surface resulting from various treatments, a scanning

Figure 4.
Devices for assessing surface characteristics through different technologies (profilometry, AFM, SEM).
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electron microscope—with high resolution field emission can be used. The method is
known as Scanning Electron Microscopy (SEM).

For the evaluation of surface microhardness and the measurement of Vickers
hardness number (VN), a microhardness tester is commonly used. A diamond pyra-
mid indenter applies a load of 0.3 Kg for 10 sec. on the surface of the material, and the
size of the indentation provides data about its hardness. Smaller indentations in area
and depth indicate harder materials.

4. Optical properties

Color and aesthetic changes are important factors in achieving high-quality dental
restorations. People have different perceptions of a certain color. In order to have a
concrete way to distinguish and characterize colors, as well as to quantify the differ-
ences between them, the CIE L*a*b* system was developed.

It is based on the use of three independent values: L*- the lightness coordinate
(brightness-darkness), a*- the chromatic coordinate on the green/red axis, b*- the
chromatic coordinate on the blue/yellow axis [50, 51].

The perception of tooth color can be influenced by the following factors: Light
scattering, transparency, lighting conditions, gloss and the human eye. For the
optical assessment of a surface, in addition to the three primary color characteristics
(chroma, lightness, hue), other parameters must be taken into account, such as
translucency, fluorescence, opalescence, opacity and metamerism.

Scattering defines the passage of light through an object and the changes in direc-
tion of the beam. This phenomenon is explained by the fact that secondary waves
with various directions from the primary wave result. It depends on the grain size and
the boundaries between them, the presence of impurities and pores in zirconia [52].

The factors that can affect light scattering in dental zirconia are:

Crystalline phase and particle size. A greater yttria content and a higher sinter-
ing temperature produce larger particles, increased density and better elimination
of porosity, resulting in a zirconia with a more compact microstructure and higher
translucency. The particles of the cubic phase are larger with fewer boundaries and
less residual porosity than the tetragonal ones. They are in an isotropic arrangement,
which allows a more uniform passage of incident light in all directions, resulting in
greater translucency [6, 52].

The greatest scattering occurs when the crystals or flows have similar sizes
(350-780 nm) to the visible wavelength. Therefore, 3Y-TZP (conventional zirconia)
is more opaque than 4Y- or 5Y-TZP (translucent zirconia). Following several studies,
it was found that super-translucent zirconia (4Y-TZP) contains crystals with a size
of 0.5-1 pm (500-1000 nm) and an amount of cubic phase of 25-53% by weight,
and super-high translucent zirconia (5Y-TZP) incorporates crystals larger than 1 pm,
dispersed differently, and a content of 60-71% cubic phase by weight, which makes
these materials more transparent but also more susceptible to fractures [34, 53].

Composition. Alumina (AL,O;) contributes to the formation of a fine-grained
microstructure, increases the densification rate, delays the aging process, but due to
its segregation at particle boundaries, reduces translucency. In conventional zirconia
(3Y-TZP), alumina inclusions constitute significant scattering centers. Reducing the
alumina concentration to 0.05% by weight and increasing the yttria content in new
generations of zirconia has led to a significant increase in translucency [7]. There are
different views on the impact of oxide pigments on the stability of tetragonal particles
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and on the optical characteristics of zirconia. They have a different refractive index,
inducing a decrease in translucency.

Porosity. Pores, defects, and impurities contribute to reducing translucency and
can negatively affect optical properties, because there is a difference between the
refractive index of air (n=9) and that of zirconia (n=2.1-2.2). Pores and defects can
be intergranular—located between particles and having various orientations, or
intragranular—within a particle. In the case of translucent zirconia, an extremely
low porosity (<0.01vol%) is indicated. Pores larger than 50 nm induce considerable
scattering, altering light transmission [54].

Sintering. Sintering parameters such as temperature and holding time have an
impact on the optical properties of zirconia. Some studies have shown that a high
sintering temperature (1400-1550°C) causes an increase in translucency, associated
with an increase in grain size and density, as a result of solid-state diffusion and pore
elimination [55]. Depending on the geometry and size of the restoration, the sintering
time can be reduced to only about 30 minutes (speed or super-speed sintering) [56].
This technology can only be applied to zirconia that is specifically developed for this
procedure. However, scientific data supporting rapid sintering is still insufficient.

Translucency defines the relative amount of light transmission through a medium,
and its value depends on the permittivity of this medium through which the light
passes. The translucency of 5Y-TZP is positioned between that of conventional zirco-
nia and lithium disilicate [5]. Subsequently, ultra-high translucent zirconia (UHTZ)
was introduced, with translucency comparable to that of lithium disilicate while
maintaining a flexural strength similar to that of 5Y [57].

Opalescence is the optical parameter that defines a dispersion of wavelengths of
the visible light spectrum and exhibits the blue of reflected light and the orange of
transmitted light. It has been observed that dental restoration is optimal aesthetically
and optically if the opalescence of the zirconia is similar to that of the adjacent teeth.
When there are particles of the same size or larger than the visible wavelength at the
boundaries between different phases, it induces scattering and opalescence, respec-
tively [58, 59]. According to some studies, the opalescence value for 3 Y-TZP ranges
from 1.25 to 2.83, and for human teeth ranges from 4.8 to 74 [59, 60]. At a thickness of
10 mm, the opalescence (OP) values of zirconia were 19, and for human teeth ranged
from 19.8 to 27.6 [59].

The total color change (AE*) defines the color difference between two evaluation
steps and is determined using the CIE L*a*b* color system.

The color parameters and appearance of a material can be affected by extrinsic
factors such as beverages, foods, smoking and by intrinsic factors such as surface
treatments, microstructure (density, amount of yttria, phase content, grain size, type
of pigments), surface roughness, water sorption and aging behavior. Several studies
have revealed that factors such as surface condition and texture, water content of
samples, finishing procedures and lighting can considerably influence translucency
values. The surface finishing procedure could alter the surface topography and thus
the light scattering. Surface treatments such as polishing and glazing decreased
lightness. Perceptible color changes occurred after polishing, and an increase in
yellowness was observed after glazing. It has also been found that polished surfaces
provide a more natural, realistic appearance than the glazed ones, as the glaze layer
causes a decrease in opalescence, but without influencing translucency [28, 47]. A
study revealed that zirconia was not affected by remarkable discoloration (AE*<0.5)
after immersion in various solutions for 4 weeks, while lithium disilicate materials
and composite resin showed evident discoloration (in rhodamine B, AE*>0.5) [57].
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However, it is relevant to note that although zirconia demonstrates good resistance to
discoloration, its color may change after the aging process.

Color parameters are recorded against a white and black background, and there
are several types of shade matching devices, such as spectrophotometers, colorim-
eters, spectroradiometers, digital cameras and software.

5. Aging behavior of zirconia for monolithic dental restoration

Hydrothermal aging or low temperature degradation (LTD) is defined as an aging
phenomenon that alters dental materials after a period of their functional use in the
humid, moderate temperature conditions of the oral environment, adversely affect-
ing their mechanical and optical properties. It depends on the microstructure and
composition of the zirconia or the state of residual stress, and can be influenced by
oral hygiene, periodontal condition, smoking and loading. Zirconia is susceptible to
aging, which can be seen as a limitation for these materials [61, 62].

Hydrothermal aging is accompanied by a slow t to m transformation of the
grains, starting from the surface that is exposed to the moisture of the oral envi-
ronment. Due to a stress-induced mechanism, aging degradation begins with the
transformation of a single grain, accompanied by its volume increase, the forma-
tion of microcracks and water penetration (Figure 5). Then, the conversion of
other grains follows, which results in the expansion of the transformed area. After
water penetrates through microcracks, it progressively advances into the bulk,
causing pull-outs and particle detachment. That leads to an increase in surface
roughness and implicitly to a decrease in density and mechanical strength with
the alteration of optical properties [63, 64].

It is known that mechanical (polishing, milling) and hydrothermal impact can
cause stress followed by unexpected t to m phase transformation on the zirconia
surface, which increases susceptibility to aging. A rough area causes wear of the

H20 Surface
'l H20 l elevation

a b

Figures.
The aging course starts from a single particle on the surface (a), followed by a sequence of damage from one
particle to another (b).
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antagonist teeth, accumulation of food debris and bacterial plaque. Therefore, the
surface treatment procedure should be rigorously applied to obtain a smoother
surface [9].

Translucent zirconia with higher cubic content experienced almost no monoclinic
transformation and hydrothermal degradation. Several studies revealed that translu-
cent zirconia (5Y-TZP) was less altered than conventional zirconia (3Y-TZP). The level
of degradation is different between various types of translucent zirconia, as the aging
behavior is related to several factors such as microstructure characteristics, impuri-
ties and defects, manufacturing processes, loading and exposure time to the aging
medium [6, 54].

With the increase in yttria content, a technological advancement was recorded
from multilayer zirconia (ML) to super-translucent multilayer zirconia (STML) and
then to ultra-translucent multilayer zirconia (UTML), which induced an improve-
ment in translucency and aesthetic performance, as well as a significant enhancement
in aging resistance [65]. UTML contains the highest percentage of cubic phase, with
the largest particle size, and demonstrates the best aging resistance. In comparison,
ML showed an increase in the monoclinic phase content after hydrothermal degrada-
tion (12 h), while STML and UTML were not affected [41].

To evaluate the long-term stability of various dental materials during clinical
service and to initiate and simulate the accelerated aging process, the most commonly
used laboratory procedures are:

* Hydrothermal treatment in an autoclave: t to m phase transformation and degra-
dation are induced and accelerated at elevated temperature (120-140°C), under
steam pressure (0.2 MPa). It was observed that one hour of autoclave treatment
under these conditions would produce the same effects on the material as 3-4
years in vivo at 37°C. According to ISO 13356-2008, zirconia (Y-TZP) is admis-
sible for clinical use if its composition includes less than 25% of the monoclinic
phase as a result of the t to m transformation after 5-hour autoclave degradation
(134°C, 0.2 MPa) [66].

* Thermocycling: t to m phase transformation and degradation are caused by
cycles of standardized temperature variations in alternating baths of 5-55°C. It
has been found that 10,000 cycles are equivalent to one year in vivo [67].

5.1 Effect of hydrothermal degradation on surface characteristics

Many studies have compared the impact of autoclave-aging on the crystalline
microstructure and composition of different types of zirconia after various periods
of time. For conventional zirconia, an increase in the monolithic phase was observed.
After 5 hours of hydrothermal degradation, the increase ranged from 2 to 14%, and
after 20 hours, it ranged from 50 to 81% [68], and other studies have reported an
increase ranged from 25 to 50% [6]. For the third generation (5Y-TZP—with the cubic
phase content up to 50%), previous studies revealed an increase in the monoclinic
phase of less than 1% after several aging stages or even no changes were reported
after 5, 10 or 54 hours [69]. This highlights the resistance of these materials to
hydrothermal aging compared to those of the first two generations. After 18 hours of
autoclave degradation, conventional zirconia (3Y-TZP) showed the highest flexural
strength, with insignificant differences. Super-high translucent zirconia (5Y-TZP)
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demonstrated lower flexural strength but no tendency for tetragonal to monoclinic
transformation or susceptibility to aging [61].

However, there have also been situations where highly translucent zirconia (4Y-
TZP) has shown higher strength than 3Y-TZP. The reason being that although for
4Y-, the t to m transformation is reduced, the microstructure is finer and process-
ing defects are smaller, maintaining an even higher strength than some 3Y-TZP
zirconias [29].

Three types of monolithic multilayered dental zirconia, with different microstruc-
tures were investigated: STML (Katana, Kurraray Noritake Dental)—noted STM, IPS
e.max ZirCad MT Multi (Ivoclar Vivadent AG)—noted IPS and Ceramill Zolid fx ML
(Amman Girrbach AG)—noted CER. Sixty plate samples (20 from each material)
were prepared according to the instructions of each manufacturer, and each speci-
men was polished on both sizes (with a low-speed device, polishing brush+diamond
paste). The samples were evaluated on both sides in each of the three areas corre-
sponding to the layers: Dentin (cervical), medium and incisal; both before (control
group) and after hydrothermal degradation (aging group). For the assessment of sur-
face roughness—Ra (arithmetic average surface roughness), a contact profilometer
was used. The nanosurface characterization and surface modifications were analyzed
by Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM).

Before aging, the lowest surface roughness was recorded for STM (4Y-) and
the highest for CER (5Y-), with values almost similar between the three areas of
a material. For IPS (4Y+5Y-), the values have increased from cervical to incisal.

After artificial aging, there is a noticeable increase in Ra(pm) values for STM and

an imperceptible increase for CER, the situation being almost similar for all three
areas of a material. For IPS, a downward trend from cervical to incisal was registered
(Figure 6).

Insignificant differences (two-way Anova, o = 0.05) were reported when com-
paring the surface roughness between dentin-medium-incisal areas, individual on
each side of samples, for a material, in the before and after aging stage. Significant
differences (paired T-test « = 0.05) among specimens before-after aging, for STM
(p dentin = 0.046, p medium = 0.02, p incisal = 0.44)

The AFM investigation reported no significant differences (two-way Analysis of
Variance (ANOVA)) regarding Sa (arithmetical mean height) among the three areas
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Figure 6.

Mean Ra values (with standard deviation), for all groups (before and after aging). STM = STML, IPS = IPS
emax ZirCad MT Multi, CER-CeramillZolid fx ML, ¢ = control group, a = aging group, d = dentin (cervical),
m = medium, i = incisal.
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for a material, both in the before and after aging stage. After LTD, there is an increase
in Sa values and significant differences (paired t-Test, p<0.05) among the same areas,
for the material was calculated.

Before LTD, the surface topographic analysis (SEM), revealed fine interconnect-
ing striations, small flows and irregularities; for STM and IPS (both medium areas),
porosities and small defects can be observed. After aging, there is noticeable damage
and impairment in all areas, for all materials. 3D AFM images, SEM images and
particle size distribution for dentin (cervical) area are illustrated in Figures 7-9.

The existence of different oxides (Er,0s, Fe,0;) in pre-colored zirconia improves
the resistance to the aging process more than in the uncolored one, even after 100
hours. Fe,0; and Er,03, associated with Y,0s, function as trivalent dopants contribut-
ing to further stabilize the tetragonal phase [70].

For measurement of Vickers hardness number (VN), in all three areas of the
samples, both before and after the LTD stage (Figure 10), a microhardness tester
(HVS 10A1, Huatec, Beijing, China) was used.

Before LTD, the highest VN values were registered for STM (d, m areas), followed
by IPS (d area). Among materials, the lowest microhardness was recorded for CER.
No significant differences (two-way ANOVA test, p>0.05) among dentin-medium-
incisal areas, in one stage, were observed. After aging, a minor increase in VN values
for all materials was observed. No significant differences (paired t-Test, p>0.05) con-
cerning VN values, among the same areas of before-after aging groups, for a material.

To maintain the mechanical properties of zirconia during its clinical service, it
is relevant to apply the most suitable surface treatment and finishing procedure. A
negative correlation was found between flexural strength and roughness when coarse
diamond burs were used for surface machining and the specimens were subjected to
accelerated aging for 20 hours. The lowest surface roughness values and the highest
strength values were recorded for the samples ground with extra-fine diamond burs.
The correlation between strength and roughness depends on the ability of the surface
and underlying material to initiate transformation toughening. This correlation

STM d control

Figure 7.
3D AFM images, SEM images and particle size distribution for STM dentin avea; STM = STML, d = dentin
(cervical).
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IPS d control

IPS d aging

Mg W 3 W M 2 M TN W W

Figure 8.
3D AFM images, SEM images and particle size distribution for IPS dentin avea; IPS = IPS e.max ZirCad MT
Multi, d = dentin (cervical).

CER d control

CER d aging

Figure 9.
3D AFM images, SEM images and particle size distribution for IPS dentin area; CER-CeramillZolid fx ML,
d = dentin (cervical).

could be strong and positive if the grinding procedure creates defects and cracks that
are deeper than the pre-existing ones. In order to increase the aging resistance of
zirconia, after surface processing, polishing with extra-fine instruments is indicated,
rather than glazing the surface [71]. The aging process may not affect the glaze layer,
which has a protective role, or it may be directly damaged, either due to alteration

of the underlying zirconia, appearing thinned, chipped, cracked or separated from
the material, with a great impact on the optical and mechanical properties of dental
restorations [63].
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Figure 10.

Mean Vickers hardness values (with standard deviation), for all groups (before and after aging). STM = STML,
IPS = IPS e.max ZirCad MT Multi, CER-CeramillZolid fx ML, ¢ = control group, a = aging group, d = dentin
(cervical), m = medium, i = incisal.

An atomic force microscope (AFM, scan size 1.2x1.2pm) was used to compara-
tively analyze the characteristics of the glazed and polished nanosurface (Figure 11)
of 4Y-TZP and 5Y-TZP samples. It was reported that the nanoroughness of the glazed
surfaces was higher than that of the polished ones, and after aging, it increased
significantly for 5Y-TZP. Before LTD, the surface irregularities, striation or sharp
peaks are more evident for 5Y-, both in the glaze group and polished ones. Significant
differences (p<0.05) in terms of Sa values among the same areas of before-after aging
groups, on glazed or polished surfaces of a material, were found.

According to other SEM analysis, a perfect glazing, which uniformly covers
100% of the surface, is difficult or impossible to obtain. This situation will lead to
the existence of localized areas on the surface of the material that will inevitably be
affected by LTD. The degradation will expand from the vulnerable point in various
radial directions into the bulk, under the glazed region and into the subadjacent area,
leading to damage to the material under the glaze layer through subsurface micro-
cracking. This increases the risk of chipping of the affected zirconia, especially if a
mechanical load is applied to the damaged surface [72].

4Y-TZPi polished 5Y-TZP i polished 4Y-TZP i glazed SY-TZP i glazed

control control

1

after aging

Figure 11.
The AFM 3D images in the incisal area of the glazed and polished samples, for 4Y-TZP and 5Y-TZP, before and
after aging.
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5.2 Effect of hydrothermal degradation on the optical properties

Making a synthesis of data from previous research, it was reported for the first two
generations of zirconia, a decrease in translucency and opalescence, and an increase
in opacity after different aging periods (1, 3, 5, 10 hours), and it was demonstrated
that the material becomes more opaque with increasing exposure period to hydro-
thermal degradation [73]. The translucency values of third- and fourth-generation
monolithic translucent zirconia were significantly affected by several factors, such as
composition, microstructure, sintering time and staining techniques, surface treat-
ments, thickness, and different aging protocols [28].

Cubic zirconia is known to be less susceptible to hydrothermal aging. The fourth
and mostly the third generation have proven to be completely resistant to the degra-
dation process. But significant changes in translucency values have also been recorded
as a consequence of the interaction of various factors and the hydrothermal degrada-
tion. The aging process causes an increase in the volume of the cubic phase, accompa-
nied by a separation of the tetragonal and cubic phases. The material becomes more
susceptible to changes in temperature and humidity, and less stable [6].

For super-high translucent zirconia, obtained from blanks processed using a CAD/
CAM system, the highest translucency was recorded when the material was dry-
milled, with lower values for wet milling. After hydrothermal degradation, dry-milled
specimens preserve a high translucency, and for wet-milled specimens, translucency
increases; however, the aesthetic performance is still lower [29].

Optical and color measurements were recorded in each area (dentin-medium-incisal)
on polished surfaces, before and after LTD, using a spectrophotometer Easyshade
Advance IV (Vita Zahnfabrik, Bad Sackingen, Germany). The highest translucency (TP)
values were registered for CER, and the lowest for STM. The trend of translucency relative
to areas is in the following order: d<m<i (STM, CER) and d>mc«i (IPS). After LTD, the
translucency decreased for CER and increased (less incisal) for STM and IPS. However,
the highest TP was recorded for CER and the lowest for STM, with close values between
dentin and medium areas. For IPS, the order of values between areas was maintained. The
incisal areas of the three materials undergo fewer changes (Figure 12).

Significant differences (two-way ANOVA, p<0.05) among TP values of the three
areas (d-m-i), for an IPS and CER before and after the aging stage, were found.
Additionally, significant differences (increases) were recorded regarding TP for
control-autoclaving groups, in dentin and medium areas for IPS and STM.

Previous research has reported that the translucency values of translucent zirconia
decreased as the thickness increased. For example, an increase in material thickness
from 0.5 mm to 1 mm induced a significant reduction in translucency values [74].
After accelerated aging (autoclaving, thermocycling), translucency values decreased
for all thicknesses, and significant differences were recorded between the 0.5 mm
specimens and those of 1, 1.5 and 2 mm. The color change was maximum for the 0.5
mm thick specimens and minimum for those of 2 mm thick [75].

Translucency values can also be influenced by aging related to sintering time.
Prolonged sintering followed by hydrothermal degradation for 2 hours led to a surface
with a generalized irregular appearance and micro-retentive areas, significantly
reducing translucency. This consequence could be observed already after 1 hour,
becoming more evident later. High-speed sintering can induce a decrease in the
optical properties of 3Y- and 4Y-TZP. The translucency of industrially preshaded
4Y-zirconia was not influenced by the aging process, showing higher color stability
than that stained manually [76].
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Figure 12.

Mean TP values (with standard deviation) for all groups (before and after aging). STM = STML, IPS = IPS
emax ZirCad MT Multi, CER-CeramillZolid fx ML, ¢ = control group, a = aging group, d = dentin (cervical),
m = medium, i = incisal.

10
8
a

z SR
0

STM ¢ STM a IPSc IPS a CER.c CERa

Hd Em Wi

Figure 13.

Mean opalescence (OP) values (with standard deviation) for all groups (before and after aging). STM = STML,
IPS = IPS e.max ZirCad MT Multi, CER-CeramillZolid fx ML, ¢ = control group, a = aging group, d = dentin
(cervical), m = medium, i = incisal.

After the artificial aging process, the opalescence decreased for IPS (medium) and
CER, and increased for IPS (dentin, incisal). The highest mean OP was recorded for
STM and the lowest for CER, with intermediate values for IPS. Following the aging
process, the statistical test reported significant differences among the specimens
before and after LTD for STM (medium), IPS (incisal) and CER. Mean OP values
measured before and after the LTD stage are illustrated graphically in Figure 13.

According to the NBS system (The National Bureau of Standards), AE* was converted
to NBS units to express the level of color changes. After artificial aging, the levels of color
change were perceivable (1.5-3.0) for STM and IPS; and for CER ranged from slight
change (0.5-1.5—dentin, medium) to extremely slight change (0.0-05—incisal).

6. Conclusions

The difference between the generations of zirconia is given by the tetragonal
phase-cubic phase ratio, which is determined by the amount of Yttria added to the
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material composition. The properties and lifespan of zirconia restorations can also
be affected, on the one hand, by the correctness of the preparation and application
of indications, occlusal concepts and luting procedures, and on the other hand by the
particularities strictly related to the material: particle size, incorporation of pores and
defects, milling and sintering procedures, finishing methods. These microstructural
changes can influence mechanical properties (surface roughness, microhardness,
flexural strength), optical properties (translucency, opalescence), as well as aging
behavior. The innovative development of zirconia types and CAD/CAM technology
requires good knowledge for optimal use of all available options

The conclusions below summarize the content of this topic regarding the new
generations of monolithic translucent zirconia:

* Insignificant differences among the layers, regarding surface roughness and
topography, were recorded in the before and after LTD stage

* The surface roughness increased for 4Y-TZP more than for 5Y-TZP after aging
process; the 4Y+5Y-TZP material showed similarities for each layer related to

microstructure

* There were significant differences (increase) in terms of surface nanoroughness
for all zirconia —after LTD

* Related to microhardness, hydrothermal degradation does not have a significant
influence

* Surface treatments (polishing/glazing) have a significant effect on surface
topography

* Significant difference among layers, regarding translucency for 4Y- and 5Y- were
found in before and after LTD stage

* The translucidity for 4Y-TZP significantly increased after hydrothermal
degradation

* The level of color changes was perceivable for 4Y- and 4Y+5Y- zirconia.
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Abstract

The continuous development of new dental materials for computer-aided
design/computer-aided manufacturing (CAD/CAM) technologies has signifi-
cantly expanded the range of options available to clinicians for rehabilitating their
prosthetic patients. Subtractive CAD/CAM dental technologies have permitted
the processing of ceramic materials with better mechanical and optical properties.
Hybrid ceramics, which combine the strengthening properties of two different
materials, have been developed to simulate the mechanical and optical proper-
ties of a natural tooth. The main types of hybrid ceramics are polymer-infiltrated
ceramics and resin nanoceramics. Hybrid ceramics stand out for their remarkable
esthetic appeal, exceptional durability, and impressive flexibility, making them
an outstanding choice for various restorative procedures. As dental technology
advances, hybrid ceramics become indispensable in providing patients with high-
quality and enduring dental restorations. Hybrid ceramic materials greatly enhance
dental restorations by combining the best characteristics of ceramics and resin
composites. Several in vitro research studies found in the literature provide help-
ful information regarding their optical and mechanical behavior. In conclusion,
the experimental part and the results from previous research and original studies
revealed that the microstructure of ceramic materials significantly influences their
topographical features and microhardness. Different categories display unique
microstructural arrangements that affect their response to mechanical stress and
environmental factors. Water sorption impacts the long-term clinical performance
of resin matrix ceramics.

Keywords: hybrid ceramics, optical properties, mechanical behavior, microstructure,
biocompatibility
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1. Introduction

Dental ceramics possess excellent mechanical and optical properties, as well as
being biocompatible. Despite their great esthetics, they are fragile, rigid, and chal-
lenging to repair. In contrast, composites are easier to manipulate and repair, more
flexible, and less abrasive on opposing teeth [1, 2]. Nonetheless, their poor wear
resistance and difficulty achieving a good polish put them at a disadvantage compared
to ceramics. The rising demand for natural restorations has prompted manufacturers
to explore innovative methods to enhance ceramic materials, ensuring they have both
esthetic appeal and sufficient strength for use in posterior regions [3, 4].

Hybrid ceramics blend ceramic and polymer components to produce improved
properties. They are commonly used in obtaining dental restorations where
strength and esthetic appeal are essential. Unlike traditional ceramics, the poly-
mer-infiltrated resin materials can be milled and polished in a single step, simplify-
ing the fabrication process. Some hybrid ceramics can also be glazed using a thin
layer of photopolymerizable material. These aspects depend on the manufacturer’s
instructions for use.

The polymeric CAD/CAM materials are classified depending on their microstruc-
ture and the industrial polymerization manufacturing mode for polymer-infiltrated
ceramic networks (PICNs) and resin-based composites (RBCs) with dispersed fillers.

Material Type Manufacturer Composition
Lava Nanoceramic 3M ESPE, Germany Si0,, ZrO,, aggregated
Ultimate resin Zr0,/SiO, cluster 80%
Vita Enamic Hybrid ceramic Vita Zahnfabrik, Feldspar ceramic enriched with aluminum
Germany oxide 86%
Cerasmart Composite resin GC, SUA Silica, barium glass 71%
Shofu HC Composite resin Shofu, Japan Silica, silicate, zirconium silicate 61%
Hyramic Composite resin Upcera, China Inorganic filler 55-85%
Table 1.

Resin matrix ceramics arve used in the dental field [12].
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Figure 1.
Different types of resin matrix ceramics ave used in the dental field.
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These are new CAD/CAM materials, which feature a composite resin matrix and are
referred to as resin-matrix ceramics (RMCs) [5]. The rationale behind introducing this
category of materials was to combine the advantages of polymers (low wear and improved
flexural properties) and ceramics (color stability and structural durability) [6-8].

Polymer-infiltrated ceramic networks (PICNs) are characterized by their porous
feldspar ceramic framework that is saturated with a cross-linked polymer. This dual-
network structure effectively reduces crack propagation and improves the mechanical
properties of the feldspar ceramic. Several studies have shown that PICNs demon-
strate promising clinical performance, with a 3-year survival rate ranging from 97.0%
to 97.4% for partial coverage restorations [9-11].

The typical resin matrix ceramics are listed in Table 1 and Figure 1.

2. The role of the microstructure and surface topography of hybrid
ceramics (resin matrix ceramics) on optical and mechanical properties

The information in this chapter was searched in the literature using PubMed and
Google Scholar engines, and also new information that was not published before was
added.

The microstructural examination of resin matrix ceramics enables both qualitative
and quantitative assessments of surface characteristics.

Microstructural dental ceramics have two key phases: a glassy phase that enhances
their esthetic appeal and a crystalline phase that provides mechanical strength. Grain
size is crucial for ceramics’ performance, as it directly affects surface friction and the
material’s wear resistance. The emergence of polycrystalline ceramics (silicon-free
ceramics), hybrid ceramics, and nano-ceramics has necessitated the development of a
new classification system [13].

The microstructure of hybrid ceramics plays a significant role in determining
both their optical and mechanical properties. Ceramics with a glassy matrix exhibit
enhanced optical qualities but often exhibit lower mechanical strength. Conversely,
reinforced glass ceramics possess higher mechanical strength. Additionally, certain
resin ceramics can be polished more easily due to their nanoscale crystal content,
which affects their microstructure.

Resin matrix ceramics are hybrid ceramics of an organic matrix loaded with
ceramic particles [14, 15]. Since 2013, the American Dental Association has included
these ceramics in its ceramic classifications, defining them as “milled, and easily
polished materials that contain inorganic refractory compounds, such as porcelain,
glass, and ceramics” [16]. According to the last classifications, two CAD/CAM hybrid
materials classes can be found in the literature. The first consists of materials with dis-
persed fillers, including Cerasmart (GC), Shofu Block HC (Shofu), and Lava Ultimate
(3M). The second class is composed of PICN materials such as Enamic from Vita.

Lava Ultimate from 3M ESPE consists of nano-ceramic particles constrained in
a polymer matrix. The nanocluster particles have a diameter of 0.6-10 pm and are
composed of 20-nm silica nanomers and 4-11 nm zirconia nanomers. The particle’s
nano-dimension enables a high proportion of ceramic to be assimilated into the resin
matrix. The non-requirement for firing after milling is a significant advantage of
these ceramics [17].

Nano-ceramics consist of grains smaller than 100 nm. The size of these crystalline
grains is crucial in functional ceramics, such as zirconia, alumina, and glass-ceramics.
Shofu Block (Shofu, SHOFU Dental GmbH, Ratingen, Germany) contains silica
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powder, zirconium silicate, ethylenediamine, and triethylene glycol dimethacrylate
(TEGDMA). Vita Enamic (Vita Zahnfabrik, Germany) features a fine structure feld-
spar matrix infused with polymer materials, including UDMA and TEGDMA [18].

The roughness of a prosthetic restoration can change after adjustments are made
inside the mouth. To avoid inaccurate results, roughness measurements can be
performed using a 3D scanner microscope. This type of testing allows for repeated
measurements while minimizing surface scratching, which can lead to inconsistent
results. A potential drawback of this system is that it may be influenced by the surface
reflections of the materials being investigated. However, examinations conducted
with scanning electron microscopy and atomic force microscopy can provide accurate
visualizations of surface roughness.

A widely used and more straightforward method for evaluating surface roughness
is surface profilometry (Figure 2). A surface profilometer enables the calculation of
three surface roughness parameters: Ra (average surface roughness), Rz (maximum
surface roughness), and Rq.

A more suitable method for studying the surface features of ceramics is atomic
force microscopy (AFM). The advantages of this method include high-resolution
analysis, the avoidance of previous treatments for the tested samples, and its suit-
ability for use in both vacuum and liquid environments Disadvantages include a
significant amount of time required for analysis and the inability to measure large
samples [19]. The non-contact type measuring instruments are standardized by ISO
25178 [20, 21].

A sharp tip is used to register the surface of the sample. Scanning the tip over the
sample surface can be performed in contact, non-contact, or tapping mode. In contact
mode, the tip follows the topography, and the force between the tip and the sample
is kept at a constant level using a feedback curve. In tapping mode, the tip remains
in contact with the sample for only a brief moment. This mode is advantageous for
analyzing soft surfaces [22].

In the non-contact mode, the distance between the cantilever and the samples
ranges from 5 to 15 nm. Using an atomic force microscope (AFM) provides a three-
dimensional representation of the surface, making it an essential tool for characteriz-
ing materials, particularly in the field of nanoscience. AFM is part of scanning probe
microscopy (SPM) tools that are designed to study material surfaces from micron
dimensions down to atomic dimensions. Atomic force microscopy has garnered sig-
nificant attention due to its ability to detect nanoscale changes in material structures.

Figure 2.
Surface profilometer Surftest SJ-201 (Mitutoyo Japan,).
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Recent studies have utilized the atomic force microscopy (AFM) method to evaluate
the deformation of hybrid ceramic surfaces under cyclic loading. This technique has
also aided researchers in understanding the relationship between mechanical proper-
ties and surface topography at the nanoscale. In the field of dentistry, the parameters
examined include Sa, Sq, and Sz. Sa is an extension of the Ra parameter, which
represents the arithmetical mean of height. It is used to express the variation in height
of each peak compared to the arithmetic mean. Sq represents the root mean square
height, while Sz is defined as the sum of the highest peak height and the deepest pit
depth [23, 24]. AFM images of hybrid ceramics are presented in Figure 3.

In Figure 3, atomic force microscopy images of various hybrid resin ceramics
are shown. In each type of hybrid resin ceramic analyzed, the surfaces exhibited a
range of minor irregularities alongside distinct sharp spikes. These features not only
influenced the tactile quality of the materials but also enhanced the overall esthetic
appeal of the product. This differentiation highlights the unique characteristics of the
surfaces (Figure 4).

A significant factor contributing to superficial abrasion and roughness in dental
restorations is daily tooth brushing. When combined with toothpaste, a phenomenon
known as 3- or 4-body wear can occur on various types of restorations. Tooth brush-
ing can result in the removal of the characteristic layer, leading to increased surface

Figure 3.
AFM pictures of hybrid matrix ceramics. (a) Lava Ultimate (3M ESPE, Germany), (b) Cerasmart (GC, SUA)
before and after thermal aging. This data comes from an original experiment and has not been published before.
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Figure 4.

Particle size distribution of hybrid matrix ceramics. (a) Lava Ultimate (3M ESPE, Germany), (b) Cerasmart
(GC, SUA) before and after thermal aging. This data comes from original experiment and has not been published
before.

roughness and color changes. In Figure 5, the different values of hybrid resin ceram-
ics related to brushing and thermal aging are shown.

Simulating brushing and thermal aging for a total of 5000 cycles revealed that
Hyramic hybrid ceramic, followed by Cerasmart, exhibited higher surface roughness
values.

The surface texture of dental materials plays a significant role in color percep-
tion, as rougher surfaces are known to reflect less light, which can alter the visual
appearance of restorative materials. Research has shown that an increase in surface
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Figure 5.

Mean values for surface roughness parameters a for hybrid ceramics after simulating brushing. This data comes
from an original experiment and has not been published before.
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roughness exceeding 0.2 mm results in greater plaque accumulation on these surfaces.
This accumulation not only heightens the risk of dental caries (cavities) but also
contributes to periodontal inflammation, thereby impacting overall oral health.

Moreover, the increased surface roughness of dental materials is correlated with a
higher rate of wear on opposing teeth (antagonists), which raises concerns about the
longevity and effectiveness of restorations. The wear can compromise the functional-
ity of both the restorative material and the natural teeth over time.

3. Oral environment influence on hybrid ceramics

Over time, the oral environment can significantly impact the properties of hybrid
ceramics. In vitro studies have partially simulated the oral environment through
thermal cycling, involving different cold and warm baths in which ceramic samples
were immersed [25].

In the oral cavity, hybrid ceramic restorations are subjected to stresses from high
and low temperatures, which can eventually lead to the development of cracks and a
loss of material strength. The thermocycling process can alter the failure load of the
material to some extent. Thermal aging has a direct impact on the longevity of resin
ceramics [26].

Standardized parameters are typically used to replicate the in vitro oral environ-
ment. The cycles generally range from 500 to 600,000, with 1 year represented by
10,000 cycles (10%). A standardized thermocycler is used with distilled water baths
set to different temperatures and specific dwell times. In some studies, distilled water
is substituted with coffee to examine potential color changes [27]. The dwelling time
is 30 seconds for each bath, with a 10-second interval between the two immersions of
the samples (Figure 6).

In vitro research indicates that resin ceramics are sensitive to degradation within
the oral cavity, primarily due to fluctuations in pH [28]. Dietary habits can signifi-
cantly influence the pH of the oral environment. Over time, this degradation can
affect both the strength and surface roughness of these materials, ultimately leading
to long-term restoration failure [29].

Coffee, carbonated acidic drinks, black tea, and wine are commonly used in
studies to simulate the oral environment and evaluate pH changes. Researchers have
found that specific acids, such as acetic, lactic, and propionic, may lead to reduced
microhardness [30].

Another method for aging resin matrix ceramics involves ultraviolet (UV) radia-
tion. Studies have shown that the optical properties (AE values) exceed clinically
acceptable levels after undergoing UV aging. One study found that the properties
of resin nano-ceramics changed after UV aging in comparison with those of lithium
disilicate, feldspathic, and zirconia-reinforced lithium silicate glass-ceramics. This
finding has been supported by additional research indicating that the crystalline
structure, polymeric matrix, and filler size influence discoloration [31].

Tooth wear caused by erosive and abrasive influences is currently a significant
research focus, partly due to the recent decline in the prevalence of dental caries. The
daily consumption of fruit juices, soft drinks, and sour fruits plays a significant role in
the development of erosive defects, as these substances can soften the tooth structure,
making it more susceptible to abrasion from mechanical forces. Several authors have
examined the resistance of various CAD/CAM materials to both abrasive and erosive
influences [32].
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Figure 6.
Thermocycling equipment that contains two water baths, one with hot water at 55°C and the other with cold
water at 5°C.

4. Optical properties of hybrid dental ceramics

The information in this chapter was searched in the literature using the PubMed and
Google Scholar engines, and also new information that was not published before was added.

The concept of color can sometimes be difficult to grasp and is often more closely
associated with art than science [33]. In dentistry, accurately matching the colors
of teeth and restorations is essential, yet it can be a challenging and unpredictable
process. Munsell was the first to systematically organize dental color. Around the
same time, the International Commission on Illumination published standards for
color [34]. In 1976, the CIE developed a new system known as CIEL*a*b*. This was
the first instance where numbers were assigned to colors, enabling the calculation of
differences between them. In this system, L* represents the lightness of an object, a*
indicates the balance of redness or greenness, and b* denotes the level of yellowness
and blueness [35].

The optical properties of hybrid dental ceramics are significantly influenced by
their chemical composition and the sizes of their structures. Understanding these
properties is crucial, especially in dentistry and material science applications. Three
primary phenomena contribute to determining the optical properties of resin matrix
ceramics: refraction, deflection, and total light transmission. Each of these interac-
tions is closely tied to the wavelength of the incident light [36].
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Refraction, for instance, is the bending of light as it passes from one medium to
another, which is inherently linked to the speed of light in those materials.

Reflection is another important phenomenon that occurs when light encounters
the interface between two materials with different optical properties. The reflective
index quantifies the amount of light reflected from the surface of a ceramic material
into the surrounding environment. Notably, uneven or textured surfaces can scatter
light in multiple directions, complicating the predictability of reflection compared to
flat surfaces that direct light primarily in one direction [37].

In dentistry, advancements in optical materials did not immediately enhance color
matching techniques. The traditional visual matching method prevailed for some
time, mainly because the CIEL"a*b* color system, although a significant improvement,
can be affected by various factors. These factors include opacity (the degree to which
a substance blocks light), transparency (the extent to which light can pass through),
translucency (the partial transmission of light), metamerism (the phenomenon
where colors appear differently under varying lighting conditions), opalescence
(the shifting colors produced by microstructure), and fluorescence (the emission
of light by a substance that has absorbed light or other electromagnetic radiation).
Understanding these complexities is crucial for achieving accurate and esthetically
pleasing results in dental restorations [38].

Translucency is defined as the degree to which light is transmitted through a
substrate from its surface to its surrounding environment. While “translucency” is
commonly used to describe the optical properties of materials, “transmission” is the
corresponding term utilized in physics. Conversely, opacity signifies the absence of
transparency [39].

Quantification of translucency can be achieved through three distinct measure-
ments: direct transmission (where light passes through without altering its direction),
total transmission (which encompasses both direct and diffuse transmissions), and
spectral reflectance (which captures the portion of incident light that is reflected by
an interface, such as a textured surface).

The TP parameter value is the color difference between the same specimen
viewed against a white and black background, with values ranging from 0 to 100. The
formula for calculating TP is as follows [40]:

TP = [(LB* —LW’k )2 +(aB* _bW* )2 +<bB* _bW* )2 :|1/2 , (1)

Index B refers to the value of color coordinates against a dark background, and
index W refers to those against a white background [41].

oP= [(aB* —b" ) +(b™ —b" ) ]”2 )

Index B refers to the value of color coordinates against a dark background, and index
W refers to those against a white background.
CR values range from 0 (completely transparent) to 1 (completely opaque) [42].

CR=Yb/Yw=[(L +16)/116T><100 3)
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The total color change (AE*) can be calculated using the following formula [43]:
2 2 2 1/2
AE’ :[(AL*) +(Aa") +(Ab") } 4)

The color change was then converted to NBS units using the following Equation
[44, 45]:

NBS =AE* x0.92 (5)

The translucency parameter of hybrid dental ceramics (Figure 7) closely resem-
bles that of natural teeth, with values ranging from 19 to 24. This indicates that these
hybrid resin ceramics are appropriate for anterior restorations. After undergoing
thermal aging and brushing—two methods to simulate the oral environment—the
Cerasmart ceramic demonstrated the highest translucency parameter values.

Figure 8 results indicate that all the hybrid ceramic materials included demon-
strated a significant increase in their opalescence parameters following thermal aging
and brushing processes, which underscores their biomimetic qualities—characteris-
tics that closely mimic natural tooth enamel.

The measurements taken to assess the opalescence parameters varied among the
different materials. Notably, Hyramic exhibited the highest opalescence parameter,
indicating a more natural esthetic resemblance, while Vita Enamic showed the
lowest opalescence parameter. This variation highlights the differences in the optical
properties of the materials, which may influence their suitability for specific dental
applications.

The equation for color difference (AEab) was developed to assess the level of color
acceptability. Shade designation and illuminants can influence color differences. The
literature reports that the range of color differences falls between 0.8 and 4.8 AE
units. The perceptible limit of color stability is defined as AE greater than 2.6, while
the unacceptable limit is defined as AE greater than 5.5. The values of color differ-
ences can be correlated with visual evaluations [17].

A value of 3.7 AE units is associated with acceptable standards based on spec-
trophotometric evaluations, while values of 2.6 AE units are considered clinically

TRANSLUCENY PARAMETER (TP)
RELATED TO THERMAL AGING AND

BRUSHING
Hyramic Shofu Lava ultimate Vita Enamic Cerasmart
23.22 19.04 20.23 2159 24.53

Figure7.
Mean values and standard deviation for the translucency parameter for hybrid resin ceramics [46].
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OPALESCENCE PARAMETER (OP) RELATED
TO THERMAL AGING AND BRUSHING

Hyramic Shofu Lava ultimate Vita Enamic erasmart
mOP B.7G 1.27 147 7.07 1.67

Figure 8.
Mean values and standard deviation for the opalescence parameter for hybrid resin ceramics [46].

acceptable according to spectroradiometer measurements. The National Bureau of
Standards (NBS) describes the color change rating. The AE* values must be converted
to NBS units using NBS = AE* x 0.92. This conversion is necessary to evaluate color
differences relative to clinical standards. Based on spectrophotometer measurements, a
value of 6.8 AE units is considered at the limit of clinical acceptability, while values of
5.5 AE units are regarded as the threshold for spectroradiometer measurements [47].

The relative translucency of esthetic materials can affect the masking ability of
dental restorations. Several studies have investigated the optical properties of vari-
ous hybrid ceramics, examining how different factors influence the final color of
these restorations. These factors include dental substrates, luting agents, restoration
materials, glazes, and laboratory procedures. However, there is limited information
on the complex optical behavior of esthetic CAD-CAM materials regarding the color
parameters of natural tooth structures.

The masking ability of ceramic materials is notably affected by their thickness. A
review of previous research has indicated that the AE*ab value, which measures color
difference, decreases as the thickness of the ceramic increases. This finding contrasts
with the results reported by Turgut et al., who observed a different trend. In a cur-
rent study, it was found that, irrespective of the specific material or the background
against which it was tested, the mean AE*ab values demonstrated a decrease with
increasing material thickness. This suggests that thicker hybrid ceramics may provide
better masking properties overall. Notably, this trend was only observed for Lava
Ultimate ceramic and Vita Enamic when tested over an amalgam background, as well
as for Vita Enamic when placed over enamel [48].

These results provide partial support for the findings of another study, suggest-
ing that while thickness generally enhances masking ability, the relationship can
vary significantly depending on the specific ceramic material and the underlying
substrate.

The color of the substrate cannot be altered; it can only be masked. Masking is
defined as the ability to conceal a colored background. According to some researchers,
masking a dental substrate with cements may not be effective because various shades
are not available, and the layers of cement are thin.

About the luting material, other studies emphasize its significance in esthetic
rehabilitation, indicating that it impacts approximately 10-15% of the optical results
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for all-ceramic restorations. To achieve better esthetic predictability, it is recom-
mended to test try-in pastes before cementation.

Considering these factors, the masking ability of the restoration material is
crucial. Studies have demonstrated that the masking effect can be correlated with
the translucency parameter (TP) values when the TP values of the materials differ.
However, when the TP values are similar, the opalescence parameters (OP) may
influence the masking effect. Therefore, the contribution of opalescence should be
quantitatively confirmed. Opalescence occurs due to the scattering of visible light,
resulting in a bluish appearance in reflected light and an orange or brown appearance
in transmitted light, as shorter wavelengths are scattered more than longer wave-
lengths (Figures 9-11).

Color changes were assessed for all materials and ranked in order of signifi-
cance, from most significant to least significant: Hyramic > Cerasmart > Enamic
> Shofu > Lava Ultimate. For slight changes, the order of decreasing percentage is:
Lava Ultimate > Shofu > Enamic > Hyramic > Cerasmart. In terms of perceivable
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Figure 9.
Average color changes and SD, related to restoration material [46].
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Figure 11.
Average color changes and SD, related to luting material [46].
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Figure 12.
Average color changes and standard deviation (SD), related to substrate [46].

Loe)
w

h
o

Transcluceny values
(=
5 &

mTpP 2195 21.88 23.05] 2202 |23.55[ 22.94| 2253 215 [2454[ 2407

Figure 13.
Transclucency parameter average values of the tested samples with different try-in pastes and substrates [46].
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Figure 14.
Opalescence parameter avevage values of the tested samples with different try-in pastes and substrates [46].

changes, the ranking is: Shofu > Lava Ultimate > Cerasmart > Enamic > Hyramic
(Figures 12-14) [46].

The average values for translucency parameter (TP) across all materials
ranged from 21.49 to 24.53. The decreasing order of translucency was as follows:
H>L > C> S E. Significant differences were observed (p < 0.005) between H and
all other materials, as well as between C and both S and E. Polished samples exhibited
greater translucency compared to glazed samples [46]. The average values for the
opalescence parameter (OP) ranged from 6.31 to 7.85. Both E and L showed similar
values and had the lowest opalescence. C and H exhibited similar and higher values,
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Figure 15.
Contrast ratio parameter average values of the tested samples with different try-in paste and substvate [46].
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while S had the highest opalescence. In general, polished samples were more opales-
cent than glazed samples, except for E. A moderate positive correlation was found
between OP and TP (r = 0.406), whereas a strong negative correlation was noted
between CR and TP (r = —0.867) (Figure 15) [46].

Using NBS units, perceivable color changes were calculated. The average color
changes among the materials decreased in the following order: Enamic > Hyramic >
Cerasmart > Lava Ultimate > Shofu, with significant differences observed (p < 0.05)
between E and S, as well as between H and L, and H and S [46].

5. Mechanical characteristics of hybrid dental ceramics

The information in this chapter was searched in the literature using the PubMed
and Google Scholar engines, and also new information that was not published before
was added.

Mechanical evaluation is primarily used in dentistry to characterize and assure the
quality of newly developed materials. Over time, several academic organizations have
developed standards for testing ceramics, including ISO 24370, ISO 23146, and ISO
6872 [49].

One standard test for measuring material hardness is the Vickers hardness test,
which is designed for small and thin samples. This test employs a diamond indenter
and a specific load to create an indentation in the material. The size of the indentation
correlates inversely with the hardness of the tested material: Smaller indentations
indicate harder materials. The Vickers test utilizes a pyramidal diamond indenter, and
the applied force can range from 1 to 1000 grams force (gf). In contrast, microhard-
ness analysis typically employs a force of 2 N, equivalent to approximately 200 gf.
Indentation results generally measure around 50 micrometers (pm) [50].

In comparison with glass-ceramics, which possess a Martens hardness of 3843 N/
mm?, a Vickers hardness between 592 and 622, and an elastic modulus of 74-95 GPa
for lithium disilicate, resin-based composites (RBCs) are characterized by lower
elastic modulus and hardness values. This distinction facilitates easier milling and
intraoral adjustment, reduces the likelihood of fracture and chipping, and minimizes
wear on opposing dentition. Furthermore, unlike resinous composite materials
utilized for direct restorations, CAD/CAM RBCs are polymerized under conditions of
elevated pressure and temperature. This method enhances polymerization, resulting
in increased density, diminished porosity, and a higher degree of monomer conver-
sion, thereby significantly improving their mechanical properties [51, 52].

To ensure accurate indentation measurements, the samples must have smooth
surfaces. The indentation is examined microscopically to achieve precise results. This
technique involves applying a specific load to an indenter pressed onto a surface for
10 seconds, after which the resulting indentation is analyzed microscopically Vickers
microhardness test results for dental ceramics usually range from 6 to 9 gigapascals
(GPa). The lowest hardness values are associated with leucite and feldspathic glass-
ceramics, while the highest values are noted in lithium disilicate and zirconia-reinforced
lithium silicate glass-ceramics [18]. Surface treatments, such as glazing and polishing,
can produce varying results for the tested hybrid ceramic materials (Figure 16).

Figure 17 reveals statistically significant differences identified between the
glazed and polished samples of hybrid matrix ceramics (p < 0.05). The application
of a glaze layer exerts a considerable effect on the microhardness value. Between
the materials, greater microhardness values were registered for glazed Hyramic,
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Figure 16.
Vickers microhardness equipment is used for hardness testing.

Vickers microhardness testing of glazed and
polished hybrid ceramics
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Figure 17.

Mean values and standard deviation for hybrid dental ceramics. This data comes from an original experiment
and has not been published before.

followed by Lava Ultimate. In the polished group, higher values were registered for
Vita Enamic and Hyramic.

In the field of research, various loading devices are used to evaluate the fracture
strength of dental restorations. The mechanical resistance of dental ceramic restora-
tions can be assessed through tests that apply specific loads. One standard method
involves static loading until the ceramic crowns fracture. In these tests, the crowns are
cemented onto abutments and placed in a testing machine, where a stylus exerts force
until the crown breaks [18]. A fractographic analysis is performed to examine the
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Figure 18.
Fractographic analysis using a static loading device.

resulting fragments and determine the origin and path of the fracture. A key tool for
this analysis is the stereomicroscope. This equipment enables the three-dimensional
visualization of samples, facilitating the observation of spatial relationships among
the fragments. By utilizing various illumination angles, the stereomicroscope can
also provide insights into the surface roughness of the samples being examined
(Figure 18) [53].

Research indicates that the primary cause of failure in crowns is the propagation of
aradial crack that extends throughout the material, ultimately leading to a complete
bulk fracture.

Fractographic features, such as hackles, wake hackles, and arrest lines, indicate the
origins of fractures [54].

Several evaluations of the surfaces can be conducted before and after aging
processes to identify changes in the crystal structure that may lead to clinical
failures. Non-destructive testing is valuable for detecting, locating, and measuring
defects within hybrid resin ceramic structures. Measuring and assessing defects
and porosity is essential, as they can influence the strength and longevity of
restorations. Generally, ceramics exhibit some defects and porosity, while hybrid
ceramics that incorporate resins may show interlaminar porosity and processing-
induced gaps [55].

Examples of nondestructive structural analyses include computed tomography
(CT) evaluation, ultrasonic testing, profilometry, atomic force microscopy (AFM),
scanning electron microscopy (SEM), and environmental scanning electron micros-
copy (ESEM). Both computed tomography and ultrasonic analysis provide applicable
evaluations of pores and cracks within the ceramic structures.

A study found in research literature investigated the fracture toughness of these
ceramics. Fracture toughness was analyzed by the ISO standard ISO 6872. The stress
intensity factor, Klc, was determined using four-point bending with a crosshead
speed of 0.5 mm/min on a universal testing machine [56]. To calculate the mean
depth of each notch, measurements were taken at three points on the fracture surfaces
after Klc testing.

The analysis of fracture surfaces provided valuable insights into the varying
microstructures of the materials that were tested. Each material exhibited distinct
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roughness patterns on its fracture surfaces, which were influenced by its unique
microstructural properties.

For the CAD/CAM resin composite materials, notable features included visible
crack paths that traversed the matrix and the interfaces between the matrix and the
filler particles. These observations were made at a microscale, highlighting the com-
plex interactions within the composite. Additionally, microcracks, which are smaller
than typical cracks, were identified, indicating the materials’ susceptibility to stress at
a finer level [55].

Interestingly, although crack bridging—a phenomenon in which the surrounding
material holds cracks together—was not directly observed on the fracture surfaces,
the findings still suggested that the material’s structure might influence crack behav-
ior. Furthermore, solid particle breaks were uniformly absent in all tested materials.
However, specifically for Lava Ultimate and the experimental CAD/CAM composite,
cut and fractured filler agglomerates were observed at the prepared notches, indicat-
ing that the mechanical processing and formulation of these composites significantly
influence their fracture behavior. This detailed examination underscores the impor-
tance of understanding the microstructural characteristics in predicting the perfor-
mance and durability of dental materials [55].

6. Marginal adaptability assessment of hybrid matrix dental ceramics

Excellent marginal adaptation positively influences percolation and plaque
buildup, limiting them to some extent. The term “marginal gap” refers to the space
between a restoration’s crown and the tooth’s preparation line. There are also inner
gaps, which are the spaces between the inner part of the restoration and the tooth
structure. The gap at the edge is referred to as the marginal demarcation gap.
Typically, these gaps arise from morphological discrepancies between the tooth and
the restoration [57].

The finish line configuration is essential in achieving a good marginal fit.
Comparisons between chamfer finish lines and straight finish lines showed that the
former had lower marginal gap values. Another study compared shoulder margins
with rounded internal angles to chamfer lines and found no significant differences.
However, it was noted that chamfered finish lines led to wider marginal gaps com-
pared to rounded shoulders [24].

The space created by cement between the crown and the abutment of the teeth
also affects the marginal fit of ceramic crowns. If this space is too small, it may
hinder the evacuation of excess cement, thereby increasing the marginal gap. A study
concluded that cementation could negatively impact adaptation, and fine-grained
cement yielded better long-term results. Some research has suggested that the mar-
ginal gap can significantly increase after cementation due to hydraulic pressure and
the evacuation of cement [58].

Different measuring methods have been developed, which can affect the final
values for the marginal adaptability of all-ceramic crowns. Impression techniques and
visual examinations rely on the researcher’s experience, often influenced by subjec-
tivity. The location of the demarcation line also impacts the assessment; it is typically
more challenging to evaluate marginal gaps objectively when the line is subgingival.
The most commonly used method is the replica technique, which employs low-
viscosity silicone; however, it may produce inaccurate results due to potential damage
when the silicone impression is removed from the die. Other measurement methods
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include profilometry, scanning electron microscopy (SEM), optical stereomicroscopy,
and micro-computed tomography (micro-CT).

Resin matrix ceramics (RMCs) comprise a highly infiltrated organic matrix
containing ceramic particles, resulting in a modulus of elasticity that is closer to that
of dentin than that of conventional ceramics. Due to their excellent properties, these
CAD/CAM resins are also suitable for endocrowns in endodontically treated teeth.
Both the marginal and internal adaptations of endocrowns significantly affect their
clinical outcomes. When the marginal adaptation of restorations is poor, the dissolu-
tion of the cement over time can lead to endodontic and periodontal inflammation
due to bacterial microleakage, failing the prosthesis.

A research study in the literature regarding the internal adaptability of resin
matrix ceramics, revealed a wide range of values, from 7.5 to 206.3 pm. This variation
can be attributed to several factors, including the methods used to assess adaptation,
the materials selected, the nature of the dental preparation, the impression materials
and techniques employed, the type of cement, and the cementation process [59].

7. Water sorption impact on optical and mechanical properties of hybrid
resin ceramics

A key consideration in the performance of resin composites is their water sorption
rate, which directly affects their mechanical, physical, and optical properties.

Water sorption in dental composites primarily occurs within the resin matrix and
is influenced by the resin’s chemical composition, the polymerization process, and
the concentration of fillers. This process involves water molecules diffusing into the
polymer matrix, filling spaces between the molecular chains, which can lead to swell-
ing and dimensional changes [60].

The type of dental composite and its specific formulation significantly determine
the degree of water sorption. For instance, composites with a higher filler content
generally exhibit lower water sorption because there is less available volume in the resin
matrix for water molecules to occupy. Additionally, the choice of resin monomer is criti-
cal; specific monomers, like Bis-GMA (bisphenol A-glycidyl methacrylate), are more
prone to water sorption due to the presence of hydroxyl groups in their structures.

Water sorption in hybrid resin ceramics predominantly occurs in the resin matrix,
depending on the resin’s chemical composition, polymerization, and filler concentra-
tion. Water sorption is the process by which water molecules diffuse into the polymer
matrix, filling the gaps between polymer chains, which can cause swelling and
dimensional changes [61].

The type of hybrid dental ceramic and its composition influence the extent of
water sorption. For example, composites with a higher filler content tend to have
lower water sorption, as the volume of the resin matrix available for water sorption
is lower. The type of resin monomer also plays a crucial role; due to the nature of the
hydroxyl groups in the monomer structure, monomers such as Bis-GMA (bisphenol
A-glycidyl methacrylate) are more susceptible to water sorption [62].

The clinical performance of dental materials is significantly influenced by their
ability to absorb water, known as water sorption. In resin composites, excessive
water absorption can lead to various detrimental effects on restorative materials. For
instance, it can cause noticeable color changes, compromising the esthetic appeal of
dental restorations. Furthermore, this absorption can weaken the mechanical proper-
ties of the materials, making them more susceptible to fractures or wear over time.
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Reduced wear resistance can ultimately shorten the lifespan of a restoration.
Simultaneously, the breakdown of chemical bonds at the interface between the resin
and filler can further undermine the material’s structural integrity. In addition to
these concerns, the solubility of materials plays a crucial role in their biocompatibility.
Increased solubility can lead to decreases in both volume and strength, potentially
compromising the restoration’s durability. Furthermore, this disruption can cause
discoloration as the bond between the filler and resin matrix weakens, detracting
from the overall esthetics of dental work. Therefore, understanding and managing
water sorption and solubility are essential for enhancing the longevity and perfor-
mance of dental restorative materials. Hydrophilic materials exhibit a pronounced
susceptibility to color changes and staining, predominantly influenced by the volume
of water they absorb. This absorption process can lead to significant alterations in
mechanical properties, including reductions in strength and elastic modulus, primar-
ily due to the plasticization of the resin matrix. Additionally, as water is absorbed, it
may facilitate the leaching of unreacted monomers and various degradation products,
posing potential health risks to individuals. From a clinical standpoint, these changes
can manifest as visible discoloration, a reduction in bond strength, and an increased
likelihood of restoration failure over time [63].

A critical relationship exists between the quantity of absorbed water and the
solubility of the materials involved. The presence of absorbed water enables the
dissolution of specific components, including unreacted monomers and various
additives, which can potentially compromise the material’s integrity. The solubility
of the polymer network is intricately linked to its crosslink density, as well as the
specific type of filler employed. Composites with a higher crosslink density typically
exhibit enhanced resistance to dissolution, allowing them to maintain their mechani-
cal strength and structural stability over prolonged periods, thereby improving their
longevity and performance in clinical applications.

The clinical performance of dental materials is significantly influenced by water
sorption. Water absorption in resin matrix ceramics can negatively impact restorative
materials in several ways: it can alter their color, weaken their mechanical properties,
reduce wear resistance, and disrupt the chemical bonds at the resin-filler interface.
Additionally, solubility can affect the biocompatibility of these materials, decrease
their volume and strength, and cause discoloration by interfering with the bond
between the filler and resin within the matrix.

8. Biocompatibility of hybrid resin ceramics

Another essential characteristic of hybrid resin ceramics is their excellent bio-
compatibility. A study in the research literature involving human gingival fibroblasts
(HGFs) demonstrated strong adhesion and proliferation on cured pure resin,
hydroxyapatite/bioactive glass (HA/BAG) ceramics, and hybrid polymer-ceramic
materials after an initial 48-hour culture period. The cells displayed a typical elon-
gated fusiform morphology, indicating a healthy cellular state. Over time, particularly
at the 72-hour mark, there was a notable increase in both the number and surface
coverage of HGFs. The arrangement of these cells also became more compact.
Importantly, no signs of cellular distress, such as rounded or floating cells, were
observed, suggesting that the culture conditions were conducive to cell survival and
growth [64, 65].
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9. Conclusions

The following conclusions can be drawn regarding hybrid resin ceramics.

Hybrid resin ceramic materials offer significant esthetic advantages, and continu-
ous development in digital workflows will lead to further advancements. Hybrid
resin ceramics are the subject of numerous new research studies, with the primary
concerns being the enhancement of mechanical properties while maintaining their
excellent esthetic properties.

Recent advancements in resin ceramics materials have opened up numerous
avenues for exploration, which could significantly enhance product quality and
patient satisfaction. These resin ceramic materials must exhibit critical properties
such as optical clarity, structural integrity, mechanical strength, and long-term
marginal adaptation.

The optical properties of hybrid dental ceramics are significantly influenced by
their chemical composition and the dimensions of their crystalline structures. A
comprehensive understanding of these properties is essential, particularly in the
fields of dentistry and materials science. Three primary phenomena are instrumental
in determining the optical transparency of ceramics: refraction, deflection, and total
light transmission. The translucency parameter of hybrid dental ceramics closely
resembles that of natural teeth, with values ranging from 19 to 24. This indicates that
these hybrid resin ceramics are appropriate for anterior restorations. After undergo-
ing thermal aging and brushing—two methods to simulate the oral environment—the
Cerasmart ceramic demonstrated the highest translucency parameter values.

The underlying dental structure, luting agent, and restoration material signifi-
cantly impact the esthetic quality of the restoration. Warm try-in pastes associated
with non-discolored substrates can cause noticeable color changes. However, when
used with dark-colored substrates, they can lead to significant color changes. For sub-
strates that are darker in color, warm try-in pastes result in substantial color changes.
In contrast, neutral and light try-in pastes produce only minimal noticeable changes
when used with resin composite ceramic materials that have demonstrated superior
masking abilities.

The microstructure of ceramic materials plays a crucial role in determining the
topographical features and microhardness characteristics of these ceramics. Each
category exhibits distinct microstructural arrangements, which directly influ-
ences how these materials respond to mechanical stress and environmental factors.
Understanding these microstructural differences is essential for optimizing the
performance and applications of glass-ceramics in various fields, including engineer-
ing, dentistry, and electronics.

Long-term clinical performance of is profoundly influenced by water sorption.
The absorption of water in resin matrix ceramics can have adverse effects on restor-
ative materials in multiple ways. It can lead to alterations in color, a reduction in
mechanical properties, diminished wear resistance, and disruption of the chemical
bonds at the resin-filler interface. Furthermore, the solubility of these materials can
have implications for biocompatibility, resulting in decreased volume and strength, as
well as causing discoloration by interfering with the bond between the filler and the
resin within the matrix.

All the studies included in this work with significant results demonstrate that these
CAD/CAM hybrid ceramics possess excellent optical and mechanical properties. This
behavior makes them suitable for long-term successful restorations.
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Original data and also results found in the literature were added in this chapter
about hybrid resin ceramics. The results found in the literature were searched in
PubMed and Google Scholar research engines.
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Anxiety Management in Dental
Prosthetics
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Abstract

Dental procedures often cause anxiety in patients, and prosthetic procedures are
similarly stressful. Both physical and psychological stressors contribute to anxiety
in relation to prosthetic treatment. The oral anesthesia needed for pre-prosthetic or
pro-prosthetic therapy, as well as the uncertainty surrounding the next treatments
(dental preparation, taking impressions, recording occlusion, etc.), are frequently
linked to anxiety. The final result of prosthetic therapy, the functional or esthetic
aspects of future work, and the change from a fixed denture to a removable one or
implant-supported can all be contributing factors to anxiety. Anxiety prevention,
communication, relaxation techniques, breathing, music therapy, hypnosis, self-hyp-
nosis, homeopathic and allopathic medication, and sedation are some of the many
strategies used to treat patient anxiety. These factors can affect a patient’s compliance
with therapy and their satisfaction with prosthetic rehabilitation. Therefore, the den-
tist needs to be knowledgeable about them and take these factors into consideration.

Keywords: anxiety, dentures, prosthetic, stress factors, management

1. Introduction

The main goal of all prosthetic treatments is to obtain an exceptional esthetic and
functional result. The effectiveness of prosthetic therapy depends on several circum-
stances, but the development of materials and treatment techniques makes this objective
easier to accomplish. The technical aspect of treatment is sometimes overlooked in favor
of the human element in the collection of information in the field of oral rehabilitation,
which occurs in both college and professional workshops and congresses.

With daily clinical experience, the dentist notices that there are differences in the
success of the treatment depending on the patient. This fact makes him pay more
attention to the patient he is treating and differentiate his approach.

One of the factors that can influence the final outcome of a prosthetic treatment is
the patient’s anxiety. Anxiety can manifest itself regardless of the type of prosthetic
restoration (fixed or removable). It can be triggered before, during, or after the
completion of the treatment [1]. There are a multitude of stress factors that trigger
anxiety related to prosthetic treatment, but their action as well as the coping mecha-
nisms of the patients are strictly individual [2-6].
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Why do we need to know these aspects related to anxiety? An anxious patient will
avoid prosthetic treatment, which will lead to its complications (bone resorption,
tooth migration, extensive edentulism, etc.). Also, the anamnesis, collaboration,
and communication during the treatment will be deficient with an anxious patient.
Finally, posttreatment, anxiety related to adaptation to the prosthetic work or its
resistance over time may appear [1].

The management of anxiety related to prosthetic treatment should be a concern
for the dentist because the success of the treatment, the patient’s satisfaction and,
implicitly, professional success will depend on its management.

Acquiring knowledge related to the patient’s psychology, personality, differences
related to the environment of origin, sex, age, and notions of effective communica-
tion and stress management are mandatory for any prosthodontist today [3-5].
Homeopathic and allopathic methods of reducing anxiety, adapted to each case,
should not be omitted either. Also, collaboration with a psychologist or psychiatrist
should be considered when necessary.

2. Anxiety, stress factors, coping mechanisms

Anxiety is a common health condition that affects many people. Anxiety is actu-
ally a natural emotion that prepares us for a change. It should not normally affect our
daily activities but only help us to act appropriately when we are faced with a chal-
lenge [7]. When the demands exceed the individual’s capacity to act, anxiety becomes
a problem that interferes with the person’s tasks. Studies [3] suggest that over 70%
of the population who present themselves to the dental practice for treatment suffer
from anxiety [4].

Anxiety is characterized by an unpleasant and uncertain feeling of discomfort
that can be in the form of simple fear or can gradually increase to phobia. The
accompanying symptomatology is both physical and psychological. Physical mani-
festations can be: palpitations, tremors, sweating, abdominal pain, nausea, frequent
urination, and diarrhea. Mental manifestations can be: irritability, headaches, and
inability to concentrate. Symptoms differ from one person to another and are more
or less visible [6, 8].

It is known that anxiety can frequently occur during dental treatment. Prosthetic
treatment is the most complex dental treatment. Most often, it is preceded by surgical
treatments (extractions, resections, dental implants), orthodontic, endodontic, and
odontal therapy, which can trigger anxiety but also the prosthetic treatment itself can
be potentially stressful. That is why it is important to consider the management of the
patient’s anxiety from the first contact with him and even after the completion of the
treatment.

Anxiety related to prosthetic treatment is not triggered by the same factors and
does not have the same form of manifestation in all patients. It depends on generalized
anxiety and depression, age, sex, background, personality, profession, level of educa-
tion, and previous experience related to treatment, but it can also be influenced by a
‘moment factor’ in that moment which the patient s [3, 5, 9, 10]. In most cases, the
cause of dental anxiety is a combination of predisposing and triggering factors.

Coping mechanisms also vary, ranging from masking anxiety or avoiding treat-
ment to physical and psychological manifestations in various forms. Some patients
manage to mask anxiety and deny its existence, but this is not beneficial because the
outcome of the treatment can be compromised. Other patients postpone treatment,
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or have anxiety manifestations during its course; for some, this anxiety manifests
more physically, while for others it manifests predominantly psychologically [10].
It has been found that anxious patients who go to treatment have adaptive coping
mechanisms, while those who avoid treatment tend to adopt an attitude of catastro-
phizing and despair [11, 12].

3. Anxiety in partial and total edentulism treatments
3.1 Anxiety before treatment

The decision for prosthetic rehabilitation frequently comes after a long deliberation
on the part of the patient. In the case of partial or total edentulism, the patient has a his-
tory of more or less traumatic dental extractions and in the vast majority of cases a his-
tory of neglected complicated dental diseases that have caused suffering [1]. In the case
of tooth loss due to periodontal diseases, the patient’ history is marked by physical and
mental suffering in trying to keep the remaining teeth in the arch for as long as possible.
Moreover, single-tooth prosthodontics, even in the absence of prior dental extractions,
do not come without anxiety; the tension associated with esthetic restoration exists.

At this stage, the factors that can trigger anxiety are [13]:

the search process for an ‘ideal’ dentist
¢ the financial factor

* the time factor

* the perspective of pain

¢ erroneous information

feeling embarrassed or ashamed

When presenting to the dental practice, before treatment, the following stress
factors can be added:

* the waiting room or the dental practice itself
e the staff

With the increase and diversification of the offer of dental services, patients, espe-
cially those in urban areas, find it increasingly difficult to choose an “ideal® doctor.
The patient has several requirements that the doctor should meet, but the search is
not always done in accordance with these. The patient is guided by the dental practice
advertisement, general advice received from certain groups on the Internet, and rec-
ommendations from acquaintances. All this information, often contradictory, makes
the patient postpone the visit to the dentist even more and increases anxiety [13].
Often, erroneous information and unapproved sources are the ones that potentiate a
predisposition to anxiety. An anxious, dissatisfied, frustrated, dissatisfied patient will
spread erroneous information related to a prosthetic treatment.
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The prospect of pain, especially in patients with a history of pain, can be a major
factor in triggering anxiety and postponing dental treatment. Studies show that over
70% of anxious patients have the prospect of pain as their main stress factor [14].

The patient may avoid treatment precisely because he is anxious about what the
doctor will say about his dental situation. Paradoxically, there are patients who fear
either being scolded by the doctor or the verdict regarding the treatment (nothing can
be done, it involves complicated procedures).

The financial factor is also a trigger for anxiety for the vast majority of patients,
prosthetic rehabilitation is financially expensive and difficult to estimate in terms of
costs, especially before presenting for a consultation.

In an era of speed, in which patients who have financial possibilities, especially
have limited time at their disposal and the schedule is often unpredictable, time can
be a stress factor [14, 15].

After the patient has nevertheless made the decision to undergo prosthetic
rehabilitation, the above-mentioned factors can act in the sense of finding excuses
for postponing the appointment or starting the treatment. Also, if incidents occur
during the prosthetic treatment, which we know is long-term (e.g., the impossibility
of showing up for a session without establishing a firm rescheduling), the process can
resume with increased anxiety levels and treatment postponement [16].

From the moment of presentation at the dental practice, other factors that trigger
or enhance anxiety may appear: the appearance of the dental practice and the waiting
room (color, order, crowding, noise, smell, etc.), as well as a factor related to the staff
(receptionist, nurse, doctor) and the way they relate and communicate with the patient
[13, 15, 17]. All these stress factors, present even before the start of the prosthetic treat-
ment itself, can make prosthetic treatment more difficult or compromise it because the
anxious patient will present late, will tend to interrupt the treatment, and will tend to
have a behavioral coping based on dysfunctional and maladaptive irrational beliefs.

3.2 Anxiety during prosthetic treatment

Prosthetic treatment can follow a recent dental treatment, which if managed
from the point of view of anxiety, will be much easier to achieve. The patient may be
‘cured’ of anxiety or during the treatment a deconditioning occurred in relation to
stress factors. If this does not happen or the patient comes for rehabilitation after a
previous negative experience or a long time has passed since the previous treatment,
anxiety can be high.

The stress factors during prosthetic treatment are not the same for all patients but
the most frequently encountered during this treatment are [4, 5, 7, 18, 19]:

e fear of pain

* fear of anesthesia before dental grinding

* impression

* occlusion registration

¢ noise, smell, dust

* sight of certain instruments
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* fear of losing control

e fear of accidents

e fear of the unknown

e fear of the final result of the treatment

The most common cause of anxiety is the fear of pain [5]. Patients often have a
history of this, with dental treatment being perceived as painful by the vast majority
of patients, especially those over 40-50 years of age [5, 6] who have undergone trau-
matic dental treatments without anesthesia. There are patients who are afraid of pain
after the effect of anesthesia wears off (dental or at the level of damaged mucosa).
Also, patients over 40 years of age are mostly afraid of anesthesia, have a history
of incomplete anesthesia, with traumatic needles, or have suffered postanesthesia
accidents (hematoma, persistent paresthesia, etc.).

Dental grinding causes anxiety in many patients due to the noise, the smell of
‘burnt teeth’ when cooling is not provided, and the dust that triggers a choking reflex
[20]. The same choking reflex can also occur during impression taking [21]. Studies
show [5] that anxiety triggered by these factors is much more common in patients
from rural areas and with low education (72%), compared to patients with university
education in urban areas (9%).

The sight of certain instruments (those for removing prosthetic works, heating
wax, and recording occlusion) can trigger patient anxiety [22]. These fears can often
be the fear of pain, of unpleasant sensations, of the unknown. In connection with
the recording of occlusion, in addition to the anxiety triggered by the use of intraoral
devices, the patient also experiences anxiety related to the fact that he did not “bite”
correctly. This is especially true when the patient has a history of inadequate pros-
thetic restorations and for which he was accused by the dentist of not knowing how
to achieve the occlusion in the required position. Even if he is not at fault, the patient
may assume it and be afraid of making a mistake again.

We often encounter patients with a fear of losing control. Starting from the
moment the treatment plan is established, continuing with the horizontal position
in the dental chair and the instrument table above the chest, and even the treatment
itself, the patient feels at certain moments that they are not the one who decides that
they have no control. There are patients who sometimes negotiate the treatment plan
without meaning to, others who cannot stand the horizontal position in the dental
chair, which they perceive as a constraint. There are also patients who want to see/
feel with their tongue how much we are grinding off the tooth. Some ask more timidly
or more categorically if we have more or if we have not polished too much and the
prosthetic work will be okay [4, 7, 21].

Fear of the final outcome of the treatment is common in prosthetics and can
influence the perception of it. It is particularly important for the doctor to identify
this anxiety during prosthetic treatment because, if in a dental extraction or dental
treatment the outcome is predictable and does not worry about the outcome of the
treatment, a prosthetic restoration can completely change the patient’s appearance.
The patient has an image in his mind about his appearance at the end of prosthetic
rehabilitation and if reality does not coincide with the patient’s mental image (and
there is little chance of this happening), a patient who has anxiety in this regard will
be dissatisfied with the result [23].
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3.3 Anxiety post prosthetic treatment

Fear of prosthetic treatment may appear or continue after the completion of
rehabilitation. Usually, after the patient has paid for the prosthetic work, the doctor
does not think about his anxiety. The most common fears after the completion of a
prosthetic treatment are [5, 7, 21, 24, 25]:

* Fear of not being able to adapt to the new situation in the oral cavity

* Fear of choking with the removable prosthetic work

* Fear that a fixed prosthetic work will come loose and be swallowed

Fear that the rehabilitation will not be durable over time

* Fear of not changing the perception of the environment toward the person in an
undesirable way.

Whether it is a removable or fixed prosthesis, the patient must face a new situation
in the oral cavity. The wearer of a removable prosthesis will not think too much about
this aspect until the completion of the treatment, being excited and focused on the
advantages that the new one will bring him work. Once the treatment is completed,
the patient may experience fear or even panic when applying the work in the oral
cavity. He may have feelings of choking or nausea, especially in the case of bimaxil-
lary edentulous patients who have not been prosthetically treated for a long time [21].
There is also a fear that the work is too large, that it will not be stable in the prosthetic
field during chewing or daily activities, or that he will not be able to speak. Another
stress factor present in these patients is the fear of using the prosthetic work at night
in order not to suffocate [25, 26].

In prosthetic patients, studies show that esthetic rehabilitation increases self-
esteem, improves social relationships, and decreases depression [25, 27, 28]. However,
the patient may experience anxiety related to the fact that the new situation will change
the way he is viewed by others. We meet patients with successful, esthetic removable
prostheses, the patient is delighted with the result but still tries to hide the prosthetic
work (covers his mouth with his hand while talking, and does not wear dentures in
public). This aspect is frequently found in patients with low self-esteem, introverts who
think that they will be judged by others or will stand out too much [28, 29].

The same anxiety related to the change in facial appearance also occurs in patients
wearing fixed prosthetic works. Although they want an improvement in their facial
appearance, they are satisfied with the result but are afraid of the reaction of their
relatives. That is why they will frequently ask: Are not my teeth too white/big? Are not
they embarrassing? The patient will seek the approval/disapproval of those around
them with fear and a negative comment could dramatically influence the patient’s
satisfaction.

There are also patients who, either have had previous experiences/heard that
the work can be unluted, or who have provisionally luted work, are afraid that it
might happen to them, especially during the night, to swallow the work [5, 7]. After
completing prosthetic treatment, many patients ask or are concerned about the
durability of a prosthetic work. Some patients ask right from the first session and
insist, after completing the treatment, on obtaining a document that provides them
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with a guarantee over time. Many patients are disappointed when the guarantee of

a prosthetic work is conditional (maintaining rigorous hygiene, avoiding certain
foods), considering that these are just excuses on the part of the doctor to evade in
case of damage to the prosthetic work [26, 29, 30]. There are also many patients so
anxious about preserving the integrity of the work that they impose major restrictions
on themselves in their daily lives. Often, due to a lack of information, they avoid cold
or hot foods so as not to “crack’ the ceramic, they choose only soft or very soft foods,
they sanitize excessively, etc.

4. Anxiety prevention

Knowing the aspects related to anxiety in the prosthetically rehabilitated patient
will lead to improved collaboration with him and obtaining a treatment that satisfies
both the doctor and the patient. This goal is not difficult to achieve, but the doctor
must be open to accepting these aspects and allocate the necessary time to identify
and remove anxiety-provoking factors for the patient.

4.1 Effective communication

The dentist takes some time, especially during the first consultation, to obtain
the necessary data to make a diagnosis and approach a treatment plan. Usually,
this communication with the patient is limited to aspects strictly related to treat-
ment, labor, and cost. Especially with the introduction of telecommunication
technologies, there is a tendency for aspects related to direct doctor-patient com-
munication to be increasingly reduced. It is often assumed that the patient, having
easy access to online information, is informed and involved as a partner in his own
treatment [31-33].

Many dentists have the impression that their communication style is efficient,
but feedback questionnaires applied to patients show that the patient often does not
understand the information transmitted and feels neglected in the relationship with
the dentist [33]. This is often the reason for the patient’s anxiety. To help doctors,
several associations have developed patient communication guides, which describe a
list of main points that the dentist should touch upon throughout the entire collabora-
tion with the patient [34].

In 1967, Nathan Friedman introduced the term “iatrosedation’. The term “iatrose-
dation” is formulated by combining the prefix “iatros” (healer) with sedation (calm-
ing) and literally means calming through the doctor’s behavior [6]. This emphasizes
the major importance of communication in reducing anxiety.

Self-assessment [35]:

* Do you take the time to explain the agenda for each patient’s visit?

* Do you feel rushed with each appointment?

* During the dental exam do you explain what you are seeing and looking for?
* When an exam is over, do you ask the patient if they have any questions?

* Do you discuss the pros and cons of treatment options?
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* Have you expressed, as the expert, your preferred option of treatment?

* Do you supply patients with information they can take home with them?

* Do you take the time to discuss fees for treatment directly with your patient?
* Do you inform the patient of payment options?

Starting from the first contact with the patient, which may be the dental practice
website or the appointment, continuing throughout the treatment, and after its
completion, the dentist must ensure that he/she has communicated effectively with
the patient, provided the necessary information and the patient has understood this
information.

Prosthetic treatment is so complex due to the fact that it extends over a pro-
longed period of time, and the dentist must keep anxiety under control at all times.
Communication is not limited to checking the list above, it must also be efficient.

Its efficiency primarily involves active listening. This involves more than simply
understanding the patient’s language, it means paying full attention to the patient’s
message, without making judgments, without jumping to conclusions, and without
interrupting it except to summarize or clarify certain aspects or if the conversation
takes a direction other than that related to the treatment [32, 36]. The dentist must
also be a fine psychologist, to obtain information from which to form an idea related
to: the patient’s personality, his psychological age, what is the final goal of the pros-
thetic treatment (what are his expectations), and of course what are the factors that
trigger his anxiety related to prosthetic rehabilitation. Sometimes this is difficult to
achieve because many patients do not know, in fact, what they are afraid of. In this
case, the role of communication and active listening is to identify the stress factor
before it occurs and, also through communication, resolve it.

Communication is not only verbal, but it also has a nonverbal and paraverbal
component [31], which are perhaps more important than the verbal message. The
transmission of positive body language, smiling, looking toward the patient during
communication, body position slightly directed toward the patient, hand with palm
up and open gestures during conversation, light touch on the shoulder, patient’s
position at the same level as the doctor reduce anxiety and enhance trust [35, 36].
Also, the tone of voice, paraverbal message, rhythm adapted to the patient’s level of
understanding, the pitch of sounds, and consistency of rhythm, enhance the verbal
and nonverbal message [37, 38].

Communication also involves empathy conveyed to the patient, which will
strengthen the relationship with the dentist, increase trust and decrease anxiety
related to prosthetic treatment. It is recommended to involve the patient in decision-
making at all stages of prosthetic treatment and to communicate with him/her on an
ongoing basis. The information he/she possesses and the responsibility for decision-
making will lead to a decrease in anxiety [35-38].

4.2 Dental practice management in prosthetic treatment

As we have already mentioned, anxiety in prosthetic treatment can begin even
before presenting for treatment, during the search phase for the right practice.
Therefore, the dentist must attach significant importance to the practice website and
get involved in its creation, not just contract a specialized service in this regard [39].
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It is recommended that the website present, in addition to photos of the prac-
tice, with the staff by specialization, a brief description of them (competencies,
scientific titles) and a section with mini-articles related to the treatments being
performed. These must be adapted to the patient’s ability to understand, and be
explanatory, not like a presentation at a scientific conference. For example - total
prosthesis - what it is, the stages it involves, what the patient should expect after
the work is done, what difficulties they will encounter (stability, nausea, speech),
maintenance and hygiene rules, when they will need to return for scheduled or
urgent check-ups (decubitus ulcers, candidiasis, allergic reactions). It is also good
to combat common myths on the website, with explanations (for example, patients
who avoid implant-supported prosthetic work because they have heard that it
generates neoplasia) [40].

For patients with pain or anesthesia anxiety, it is recommended to specify on the
website that there are methods of pain relief (anesthesia with atraumatic needles,
inhalation sedation, etc.). It is also good to have a frequently asked questions section
on the website and to clearly specify the method of payment for the prosthetic work
(advance payment, full payment, possibility of financing, etc.) [39, 40].

Of course, all this information will also be communicated by the dentist, but
the transparency and clarity of the information largely remove the patient’s anxiety
because he knows what to expect and can read and return to the information depend-
ing on the stage of treatment he is at.

The dental practice itself, the waiting room, and the related spaces must be wel-
coming, taking into account the color (white is avoided - it is a generator of hospital
anxiety, but also strong red, black, color contrasts) [5, 39]. Cleanliness and order are
also important in calming the patient. Means of distraction (television, magazines),
waiting time as short as possible - managing appointments (anxiety increases imme-
diately before treatment), and not having more patients in the waiting room (risk of
anxiety contagion) are desirable in anxiety management [1, 5, 39, 40].

5. Anxiety treatment
5.1 Coping with dental anxiety and phobia: Psychological techniques

The treatment of anxiety in prosthetic treatment primarily involves communica-
tion, which we have also addressed in the prevention chapter. Effective communica-
tion ‘iatrosedation’ [6] alone or together with other treatment methods can resolve
the problem of anxiety. The same principles are followed, with the clarification that
verbal, nonverbal, and paraverbal language is important to convey the same message,
empathetic and directed toward the patient’s needs.

Melotherapy is important in reducing anxiety, according to a recent study. Music
triggers the activity of the nucleus accumbens, part of the brain’s mesolimbic system,
which releases dopamine, which is involved in shaping expectations. At the same
time, the auditory cortex, the amygdala involved in emotion processing, and the
ventromedial prefrontal areas of the cerebral cortex involved in decision-making,
perceptual analysis, and evaluation, are activated. Melotherapy is used both pre-
ventively and during dental treatment to reduce dental anxiety. It is used as ambient
music in the waiting room and in the dental practice broadcast or on headphones only
for the patient. It can be used throughout the treatment or only in the phases when the
patient is anxious (anesthesia before tooth preparation, impression taking). There are
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music playlists specially designed for reducing dental anxiety or classical music with a
proven effect in decreasing anxiety [6, 35].

Breathing techniques are also used in anxiety management, diaphragmatic breath-
ing by placing a hand on the abdomen, inspiration slowly and evenly, followed by
a new slow and steady exhalation. Exhalation should last longer than inhalation
[24, 41]. The method can be used at any time during treatment but has been proven to
be especially effective in the gag or choking reflex during dental impressions [24].

Conrad progressive muscle relaxation is the most widely used relaxation method
used in anxious patients. It consists of contracting certain muscle groups for 5-7 sec-
onds, followed by 20 seconds of relaxation. It can be used by the trained patient at
home before treatment or in the dental practice only for certain target muscle groups,
for example, muscle relaxation for the purpose of recording occlusion in the com-
pletely edentulous patient [42]. It is good to combine it with breathing techniques.

Cognitive-behavioral therapy is based on the idea that a stimulus triggers a certain
behavior through association [43]. For example, the patient associates the sound of
the turbine, the needle with pain. A technique of gradual deconditioning and trans-
formation of irrational ideas into rational thoughts is used to reduce anxiety. This
technique requires the support of a psychologist or psychiatrist if the doctor does not
have the necessary training [44].

Hypnosis is also included in the category of treatments that require the presence
of a psychologist. It has been used since 1829 when Jean-Victor Ouudet was the first
doctor to perform a tooth extraction under hypnosis [45, 46]. It is not widely used,
but the method gives good results in reducing anxiety.

Virtual reality (VR) and augmented reality are tools used to facilitate the patient’s
understanding of the treatment, as well as to distract them from their anxiety. In pros-
thetics, the patient can view on the screen the final result of a prosthetic work, inserted
into the oral cavity, from the first session [47, 48]. This will increase confidence in the
dental treatment, motivate the patient to complete it, and implicitly reduce anxiety. VR
glasses are also used to reduce anxiety, with the help of which the patient is ‘placed’ in a
pleasant, safe environment (such as a forest or on the seashore) [48].

Last but not least, general conduct, reducing patient stress, and mindfulness
techniques lead to decreased treatment anxiety.

5.2 Medication used in anxiety treatment

Currently, there are a multitude of medications that can help the anxious patient.
Their effects are rapid, and they are often preferred to allocating a significant amount
of time as is the case with psychological methods. However, we must know that medi-
cations resolve fear but do not resolve conflict [6]. However, there are many cases in
which medication is needed to reduce anxiety and control the patient’s pain.

5.2.1 Natural remedies

Increasingly, research is focusing on the use of natural remedies in the treatment
of dental anxiety. Plant extracts are used in several forms: aromatherapy, capsules,
jellies, patches, and topical applications in certain areas (wrist, behind the ear).
Studies show that extracts from certain plants, in adequate concentrations, can
decrease salivary cortisol levels, which indicates a decrease in anxiety [48-52].

The use of plant extracts, alone or in combination, is well known, such as jasmine
[50], lavender, orange [51], Piper methysticum, Matricaria recutita, Ginkgo biloba,
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Scutellaria lateriflova, Silybum marianum, Passiflora incarnata, Withania somniferum,
Galphimia glauca, Centella asiatica, Rhodiola rosea, Echinacea spp., Melissa officinalis, and
Echium amoenum [52, 53]. Studies mention at least 53 plants whose effects have been
proven in reducing anxiety during dental treatment [53].

These preparations can be used before and during prosthetic treatment as a means
of prevention or anxiety reduction. For example, the patient will more easily accept
the impression that he fears if he first smells a preparation containing essential oils in
predetermined doses. Also, the patient wearing removable dentures will adapt much
more easily if he is given candies (not sticky) containing essential oils.

5.2.2 Medication used to reduce anxiety

There are several types of medication used depending on the patient and the severity
of their anxiety. Prosthetic treatments can benefit from any of the drug administration
options, they have the advantage that they act quickly, and it is not necessary for the doc-
tor to develop his communication skills or to *waste time" with the patient’s psychology.

Both anxious patients and many doctors prefer them to save time. However, as I
said before, they solve the effect and not the cause of anxiety. They are also not effec-
tive for pre-treatment and posttreatment anxiety, but only during its development.
Of course, they also have risks and contraindications.

* The cardiovascular system, the patient’s cognitive response level, and the airways
are all unaffected by mild sedation with anxiolytic medication. The intensity of
panic episodes can be lessened by taking benzodiazepines like Xanax, Ativan, or
Klonopin, or antidepressants like Paxil, Zoloft, Lexapro, or Celexa [6, 54].

* While drowsiness is brought on by conscious or moderate sedation, the patient
is nevertheless responsive to touch and vocal cues. Intervention is typically not
necessary for the cardiovascular system or the airways. Gaseous inhalants enter
the lungs and circulatory system through the inhalation route. Because N20
has analgesic properties, inhalation may be used in place of local anesthetic for
several dental procedures [54, 55].

* The cardiovascular system is unaffected by deep sedation, although the patient
may respond slowly and may need respiratory support [56].

* The last step of sedation, general anesthesia, renders the patient comatose and
incapable of reacting to stimuli. In these circumstances, cardiovascular function
may be affected, and breathing support is necessary, that is, the patient needs to
be intubated [55].

6. Conclusions

Anxiety, although known to be very common among patients, is often ignored
or treated exclusively with medication by the dentist. Prosthetic treatment, whether
it is partial or total edentulism, is long-term and includes factors that depend on
the patient’s psychology (personality, background, age, sex, self-esteem, etc.). The
patient is anxious long before starting prosthetic treatment, during it, and after the
treatment is completed.

147



Dentures — Present State-of-the-Art and Future Perspectives

If ignored or treated only with medication, anxiety will often compromise the
outcome of prosthetic treatment. Prosthetic and orthodontic rehabilitation are the
most time-consuming procedures in dentistry. However, in prosthetics, there are
more potentially painful procedures, it involves different stages of execution, it is not
arepetitive treatment, and it is less predictable. (In orthodontics, we usually have a
clear objective, for example, aligning the teeth, in prosthetics the patient does not
know how he will look and feel after extensive rehabilitation).

Even if drug treatment is faster, the recommendation is to insist on knowing the
patient, investing time in communication, active listening, identifying the cause of
anxiety, removing it mainly through psychological methods, and using medication
only as a last resort or adjuvant.
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