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Dobrzański, L.B. Effect of Biomedical

Materials in the Implementation of a

Long and Healthy Life Policy.

Processes 2021, 9, 865. https://doi.org/

10.3390/pr9050865

Academic Editor: Selestina Gorgieva

Received: 23 March 2021

Accepted: 12 May 2021

Published: 14 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Medical and Dental Engineering Centre for Research, Design and Production ASKLEPIOS,
12/1 Jan III Sobieski Street, 44-100 Gliwice, Poland; dobrzanski@centrumasklepios.pl

2 Department of Mechanical Engineering, University of Zielona Góra, 4 Prof. Z. Szafrana St.,
65-516 Zielona Góra, Poland; anna.dobrzanska.danikiewicz@gmail.com

* Correspondence: leszek.dobrzanski@centrumasklepios.pl

Abstract: This paper is divided into seven main parts. Its purpose is to review the literature to
demonstrate the importance of developing bioengineering and global production of biomaterials to
care for the level of healthcare in the world. First, the general description of health as a universal
human value and assumptions of a long and healthy life policy is presented. The ethical aspects of the
mission of medical doctors and dentists were emphasized. The coronavirus, COVID-19, pandemic
has had a significant impact on health issues, determining the world’s health situation. The scope of
the diseases is given, and specific methods of their prevention are discussed. The next part focuses
on bioengineering issues, mainly medical engineering and dental engineering, and the need for
doctors to use technical solutions supporting medicine and dentistry, taking into account the current
stage Industry 4.0 of the industrial revolution. The concept of Dentistry 4.0 was generally presented,
and a general Bioengineering 4.0 approach was suggested. The basics of production management
and the quality loop of the product life cycle were analyzed. The general classification of medical
devices and biomedical materials necessary for their production was presented. The paper contains
an analysis of the synthesis and characterization of biomedical materials supporting medicine and
dentistry, emphasizing additive manufacturing methods. Numerous examples of clinical applications
supported considerations regarding biomedical materials. The economic conditions for implementing
various biomedical materials groups were supported by forecasts for developing global markets
for biomaterials, regenerative medicine, and tissue engineering. In the seventh part, recapitulation
and final remarks against the background of historical retrospection, it was emphasized that the
technological processes of production and processing of biomedical materials and the systematic
increase in their global production are a determinant of the implementation of a long and healthy
policy.

Keywords: health; well-being; long and healthy life policy; medicine; dentistry; medical ethics;
COVID-19 pandemic; bioengineering; medical engineering; dental engineering; biomedical materials;
Industry 4.0; Dentistry 4.0; Bioengineering 4.0; engineers’ ethics

1. Introduction

Since the dawn of time, health has been an inalienable and unquestionable human
value. Doctors and philosophers have been dealing with the definition of health, diseases,
and various disabilities and differences from normality in this area also for many millennia.
It turns out, however, that defining these concepts is still difficult to define, although
it may seem that they are intuitively close to every human being. Caring for health,
from everyday elementary hygiene, through treatments aimed at maintaining physical
condition, wide-ranging preventive actions to therapeutic treatments using natural or
synthetic pharmacological agents, and decisive interventions in surgical and prosthetic
procedures is a normal practice and involves billions of people in the world. Moreover, it is
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commonly known that the scope of officially organized medical care is strongly dependent
on the organization’s level of society and resources of the state budgets. It is the main reason
for the differences in the standard of health care in different countries. Affluent countries
are trying to reach many citizens with this care, and health care can be considered common
there. Usually, this medical care is, to a large extent, supported, if necessary, from the
citizens’ own funds. The situation is completely different in economically underdeveloped
countries, and political systems are far from liberal democracy. In such countries, medical
care does not reach the majority of citizens, or hardly at all. Although the right to health is
one of the basic human rights, the level of access to exercising this right is highly diversified
depending on the geographic location. The level of health care may vary by several dozen
or even several hundred times. It, of course, is closely related to well-being, which is
also very diverse. This situation is of particular importance in the era of a severe global
pandemic on the transmission of the SARS-CoV-2 coronavirus. The safety of patients and,
above all, the safety of medical staff poses new challenges.

The modern level of medicine and dentistry, as its special area, is currently closely
related to the development of numerous technical means and medical devices, which
became possible thanks to the dynamic development of bioengineering along with medical,
dental, and tissue engineering regenerative medicine and cell therapies. Both diagnostics
and complex interventional procedures require very advanced medical devices. The
development of these areas of knowledge, usually engineering and technical, is now a
strong determinant of the development of medicine and medical science in general. Devices
of this type are subject to all the industrial development rules; therefore, it is not surprising
that these areas reach the Industry 4.0 stage. It is a necessity on the one hand and a challenge
on the other. The development of the industry is based on the development of production,
which, in turn, cannot exist without the use of engineering materials. In medical and
dental devices, a very specific set of properties of the materials used is required, especially
biocompatibility and ensuring the absence of adverse interactions with living tissues of
the human body, and this group of materials is called biomedical materials or simply
biomaterials. It is easy to demonstrate the dependence of the development of this group of
materials and related global markets with the level of care for the level of healthcare.

The aim of this very extensive review of the literature is to analyze the importance of
bioengineering in the context of the Industry 4.0 stage of the industrial revolution and the
development of global production of biomaterials, their production, and processing for the
implementation of a policy of long and healthy life and the care the level of health care in
the world.

The paper is extensively illustrated with appropriate diagrams and figures drawn by
the authors that complement the verbal content presented in the paper in a convincing and
perceptive-friendly way. These figures are the quintessence of knowledge on specific issues,
not an indirect transfer or quotation from any source. A detailed analysis of the content of
these figures undoubtedly makes it easier to understand the complex content of the paper
and is explaining and supplementing it. Carefully selected own photos illustrating, among
others, materiallographic research results are presented, in the parts containing examples
of practical and clinical activities of the authors.

2. General Description of Health as a Universal Human Value and Assumptions of a
Long and Healthy Life Policy

The basic and currently common economic doctrine based on the Club of Rome’s
achievements in 1972 [1] and taking into account the theory of public good [2], assumes
that sustainable development occurs. This concept’s essence consists of meeting the current
needs of the present generation to a degree that does not diminish future generations’
chances to meet their needs appropriately [3]. Prosperity at the expected high level can be
guaranteed if a balance is ensured between the sufficiently high economic status, ensuring
the proper state of the environment, both natural and human-made, and properly shaped
quality of life, health protection potential, the scope of education, the level of information
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flow and by implementing out of 17 Sustainable Development Goals designated by the
United Nations UN (Figure 1) [4].
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well-being of people, including the organization of medical care and the design and production of medical devices necessary
in these activities.

The basis of this approach, which is of common interest to all societies, is the assump-
tion that the standard and quality of life is provided to people through access to consumer
goods and products. As any product requires the use of technical materials, most often
engineering materials, although sometimes also natural ones, an important determinant of
prosperity associated with high quality of life is development and research in materials
engineering, including nanotechnology and surface engineering.

Among the UN’s Sustainable Development Goals, good health and well-being occupy
an important place, inextricably linked with the concern to extend human life and promote
an aging society’s health (Figure 1). It requires action in various medicine and dentistry
areas and others that the general public is usually unaware of. The current crisis situation
caused by the COVID-19 pandemic also requires an appropriate response in health security
and the organization and modernization of health systems [5]. “The enjoyment of the highest
attainable standard of health is one of the fundamental rights of every human being without
distinction of race, religion, political belief, economic or social condition. The health of all peoples
is fundamental to the attainment of peace and security and depends on the fullest cooperation of
individuals and States” as established in the World Health Organization WHO Constitution
of 1948 [6]. It is, therefore, obvious that access to healthcare should be universal. Taking
responsibility for ensuring health and well-being requires the so-called, more and more
often, the “whole of government”, which boils down to working towards this goal by the
general public [7]. Such actions are targeted at individual citizens by recognizing each of
them’s right to their own health and healthcare and protection against threats to their health
and life. For example, these tasks are set out in detail in the European Health Strategy [8].
The EU4Health Program [5], to protect against serious health threats, especially such as
diseases of affluence, pandemics, and bioterrorism by improving the health of society,
medical care, and health safety, manifested in the prevention of health risks, early diagnosis
of the disease, efficient and effective implementation of medical procedures, improvement
of the effectiveness of health systems, modernization of health care infrastructure and
comprehensive and developmental medical therapies [9].
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Both good health and well-being and general social cohesion and equality are the
determinants of economic development in individual countries and their regions. More
equitable societies tend to be characterized by greater progress in various aspects of their
development. The measure is the Human Development Index HDI [10,11], developed by
Pakistani economist Mahbub ul Haq, calculated for each country and first time reported
by the United Nations Development Program (UNDP)’s Human Development Report
Office [3,12,13] in 1990. In 2010 it was recognized that while HDI stands for an index of
“potential” human development (corresponding to the maximum level of HDI), it could be
achieved if there were no social inequalities between individual countries and people in
these countries. Since such an assumption does not correspond to the truth, an Inequality-
adjusted Human Development Index IHDI was introduced [14], which, taking into account
inequality, gives the actual level of human development (Figure 2) [1].
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Figure 2. Geographical distribution of an Inequality-adjusted Human Development Index IHDI for individual countries.

These data were published firstly on 4 November 2010, but they were updated on 10
June 2011. Since then, the Human Development Report provides the calculated Inequality-
adjusted Human Development Index IHDI values [15], taking into account three param-
eters to assess the quality of life which illustrate human development and well-being
(Figure 3):

1. a long and healthy life index: life expectancy at birth,
2. an education index: expected years of schooling,
3. a decent standard of living index: gross national income (GNI) per capita at purchas-

ing power parity (PP) (in international dollars).

Figures 2 and 4–6 show the indexes ‘geographical distribution, as mentioned earlier’,
values according to the most available data. It is clear that there is an annual fluctuation in
the details, but the overall view cannot be radically changed if the relevant data is from the
past decade.

Thus, for many years, the health component has been included by the United Nations
in assessing progress and the level of education and income assessment. There are many
examples of it in many countries, including in the European Union, wherein the Treaty
of Lisbon, Art. 3 states that “the Union’s aim is to promote peace, its values and the well-being
of its citizens”. The Sustainable Development Strategy’s goal is to “continuously improve
the quality of life and prosperity on our planet for the present and future generations”, while
Art. 9 of the Treaty of Lisbon states that policies “should take into account the requirements
of social protection, the fight against exclusion, the promotion of education and training and the
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protection of human health”. Undoubtedly, health is both a measure and a goal of progress
and development.

Inclusive development reduces inequalities through universal access to healthcare [16].
Improving health reduces development burdens and costs to society, health systems, and
the economy in general. The proportion of the population experiencing adequate health
care in low and middle-income countries (LMIC) is generally lower than in high-income
countries (HIC). In each country, the poorest quintiles have the most inadequate coverage
of medical services. Diseases typically reduce life chances, diminish dignity, and reduce
individuals’ productive contribution to society as a whole and their local communities.

Processes 2021, 9, x FOR PEER REVIEW 5 of 67 
 

 

 
Figure 3. Diagram of the influence of various factors on Inequality-adjusted Human Development Index IHDI values. 

Figures 2 and 4–6 show the indexes ‘geographical distribution, as mentioned earlier’, 
values according to the most available data. It is clear that there is an annual fluctuation 
in the details, but the overall view cannot be radically changed if the relevant data is from 
the past decade. 

Thus, for many years, the health component has been included by the United Nations 
in assessing progress and the level of education and income assessment. There are many 
examples of it in many countries, including in the European Union, wherein the Treaty of 
Lisbon, Art. 3 states that “the Union’s aim is to promote peace, its values and the well-being of 
its citizens”. The Sustainable Development Strategy’s goal is to “continuously improve the 
quality of life and prosperity on our planet for the present and future generations”, while Art. 9 
of the Treaty of Lisbon states that policies “should take into account the requirements of social 
protection, the fight against exclusion, the promotion of education and training and the protection 
of human health”. Undoubtedly, health is both a measure and a goal of progress and devel-
opment. 

 
Figure 4. Geographical distribution of a long and healthy life index: life expectancy at birth. 

Figure 3. Diagram of the influence of various factors on Inequality-adjusted Human Development Index IHDI values.

Processes 2021, 9, x FOR PEER REVIEW 5 of 67 
 

 

 
Figure 3. Diagram of the influence of various factors on Inequality-adjusted Human Development Index IHDI values. 

Figures 2 and 4–6 show the indexes ‘geographical distribution, as mentioned earlier’, 
values according to the most available data. It is clear that there is an annual fluctuation 
in the details, but the overall view cannot be radically changed if the relevant data is from 
the past decade. 

Thus, for many years, the health component has been included by the United Nations 
in assessing progress and the level of education and income assessment. There are many 
examples of it in many countries, including in the European Union, wherein the Treaty of 
Lisbon, Art. 3 states that “the Union’s aim is to promote peace, its values and the well-being of 
its citizens”. The Sustainable Development Strategy’s goal is to “continuously improve the 
quality of life and prosperity on our planet for the present and future generations”, while Art. 9 
of the Treaty of Lisbon states that policies “should take into account the requirements of social 
protection, the fight against exclusion, the promotion of education and training and the protection 
of human health”. Undoubtedly, health is both a measure and a goal of progress and devel-
opment. 

 
Figure 4. Geographical distribution of a long and healthy life index: life expectancy at birth. Figure 4. Geographical distribution of a long and healthy life index: life expectancy at birth.



Processes 2021, 9, 865 6 of 65Processes 2021, 9, x FOR PEER REVIEW 6 of 67 
 

 

 
Figure 5. Geographical distribution of education index: mean years of schooling and expected years of schooling. 

 
Figure 6. Geographical distribution of a decent standard of living index: gross national income (GNI) per capita at 
purchasing power parity (PPP) (in international dollars). 

Inclusive development reduces inequalities through universal access to healthcare 
[16]. Improving health reduces development burdens and costs to society, health systems, 
and the economy in general. The proportion of the population experiencing adequate 
health care in low and middle-income countries (LMIC) is generally lower than in high-
income countries (HIC). In each country, the poorest quintiles have the most inadequate 
coverage of medical services. Diseases typically reduce life chances, diminish dignity, and 
reduce individuals’ productive contribution to society as a whole and their local 
communities. 

Figure 7 shows, for example, a comparison of mortality rates per 100,000 inhabitants 
by myocardial infarction and other ischemic heart diseases [17,18] in the member 
countries of the Organization for Economic Co-operation and Development (OECD), 
which includes 36 highly developed and democratic countries [16,17]. Although all these 
countries are undoubtedly among the relatively best-off, the mortality difference between 

Figure 5. Geographical distribution of education index: mean years of schooling and expected years of schooling.

Processes 2021, 9, x FOR PEER REVIEW 6 of 67 
 

 

 
Figure 5. Geographical distribution of education index: mean years of schooling and expected years of schooling. 

 
Figure 6. Geographical distribution of a decent standard of living index: gross national income (GNI) per capita at 
purchasing power parity (PPP) (in international dollars). 

Inclusive development reduces inequalities through universal access to healthcare 
[16]. Improving health reduces development burdens and costs to society, health systems, 
and the economy in general. The proportion of the population experiencing adequate 
health care in low and middle-income countries (LMIC) is generally lower than in high-
income countries (HIC). In each country, the poorest quintiles have the most inadequate 
coverage of medical services. Diseases typically reduce life chances, diminish dignity, and 
reduce individuals’ productive contribution to society as a whole and their local 
communities. 

Figure 7 shows, for example, a comparison of mortality rates per 100,000 inhabitants 
by myocardial infarction and other ischemic heart diseases [17,18] in the member 
countries of the Organization for Economic Co-operation and Development (OECD), 
which includes 36 highly developed and democratic countries [16,17]. Although all these 
countries are undoubtedly among the relatively best-off, the mortality difference between 

Figure 6. Geographical distribution of a decent standard of living index: gross national income (GNI) per capita at
purchasing power parity (PPP) (in international dollars).

Figure 7 shows, for example, a comparison of mortality rates per 100,000 inhabitants
by myocardial infarction and other ischemic heart diseases [17,18] in the member countries
of the Organization for Economic Co-operation and Development (OECD), which includes
36 highly developed and democratic countries [16,17]. Although all these countries are
undoubtedly among the relatively best-off, the mortality difference between first, Japan,
and last, Lithuania, is almost twelve times. Figure 7b,c compares these countries in terms
of spending per person on health care [19–21]. Here the differences are even greater, as the
difference exceeds 50 times between the USA and India. Figure 7d compares the ranking of
employment in health and social work as a share of total employment in these countries.
There is an almost sevenfold difference between Norway and Mexico. It entails a variation
in the number of doctors, which is already 20 times between Greece and Indonesia. One
could conclude the creation of two-tier healthcare [17] was not because, apart from OECD
countries, there are still many poorer countries. Therefore these differences are certainly
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much larger, although adequate statistical data for the whole world is not available. Un-
doubtedly, however, access to medical care varies greatly in different countries. Certainly,
the situation is much worse in the LIC and LMIC countries. The lower and lower level
of financing health care expenditure limits access to it and is the cause of deep social
stratification in each country and differences between individual countries.
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However, when reaching the philosophical foundations of the concept of health, it
should be noted that it is ambiguous and still raises numerous controversies. The ideas
of health and disease are neither purely scientific nor solely part of common sense. They
appear both in the conceptual apparatus of scientific theories and everyday thought. It
cannot be concluded that the scientific and native application of the two concepts is
completely independent.

The concept of disease evolves over time. It was believed that the disease was only an
observable set of symptoms with a predictable course [22–24]. Its approach has become
obsolete, and as medicine has developed, it has been established that disease occurs in
the body as a set of destructive processes, “diverting part of the essence of an individual
from actions that are natural to the species to another type of action” [25–28]. In the
modernized, actuarial model [29], the disease is an increased risk, even without visible
symptoms, in the event of a destructive pathological process, an example of which may
be, for example, the hypertensive disease manifested by increased blood pressure [30].
The concept of disease in modern philosophy is more and more often seen as a set of
empirical judgments on the one hand about human physiology and, on the other hand,
normative judgments about human well-being or behavior [31–35]. The disease can be
perceived as a process that repeats in different people in a slightly different form, so it is an
abstract concept implemented in various ways [25,27]. In other fields of the humanities
and social sciences, apart from philosophy, there is widespread support for the view that
it is only normative judgments that determine the notions of health and disease [36,37].
Two basic ideas on the disease are emerged [38]. Objectivists, now more often referred
to as naturalists [32,39–42], believe that the concept of disease is based on objective facts
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about the human body and that their correct interpretation and understanding in even the
most difficult cases make it possible to define the boundary between health and disease.
Assuming that the damage to health is a disease, an abnormality, or any biological defect,
it can be concluded that health consists in the absence of any disease or such abnormality,
and a healthy person is a person who has all biological systems fully functional. In the
social consciousness functioning on an intercultural and over individual level, it is possible
to mediate an individual’s health objectively, e.g., with objective tests and research tools, as
is usually the case in medicine. The beginning of medical objectivism was René Descartes’s
reflections on the mechanistic conception of the world and man [43]. The response to
human diseases was reduced to repairing the damage to the biological machine man was
considered to be, without considering it as a whole. In positivism, knowledge about man
as a whole was considered the sum of knowledge about each of his components, which
was separated for this purpose [44]. This approach’s result was the perception of health as
the absence of disease because the essence of health turned out to be too difficult to define.
The same reasoning was adopted by WHO at its founding Assembly in 1948, accepting
the International Lists of Diseases and Causes of Death [45]. Thus, health was defined
as a condition in which none of the diseases thus defined occur. Quantitative indicators
of disease occurrence or not, set by the physician, make it possible to judge the disease’s
state and by contrasting to determine the patient’s health also, who is thus objectified.
Therefore, one can adopt an external-conscious interpretation of both health and disease.
Therefore, health objectivity, considering adopting various indicators or norms, enables the
binary classification of a given person in one of the separate sets of healthy or sick people.
Nevertheless, it is possible to formulate a broad spectrum of health for each person, from
full health to terminal illness [46].

Constructivists take the opposite view, arguing that disease is an illusion and that
disputed cases do not constitute ignorance of the facts but demonstrate a conflict of values
between different social groups. Diseases damage them, for which a biological process is
to blame, not their dysfunction [47]. Sometimes, however, there is a unification of views
between these two views regarding the general acceptance of the system of values [38].

Philosophically or scientifically, it is very difficult to separate diseases and other
ailments, including injury and/or disability [47]. Since the disease is a biological ailment,
however, damages and/or disabilities can nevertheless be treated as events as they are
not processes in essence. Similarly, it is impossible to separate disability from the issues
of health and well-being. Usually, the problems of both disabilities, considered in the
medical model as a product of physiological failure and/or human functional impairment,
along with injuries and other diseases that do not require separation and the problem of
diseases, are treated analogously. However, they are rarely analyzed jointly [48]. This
approach to assessing organism disability is close to the naturalistic model of the disease.
The condition of disabled people, similar to those affected by the disease, deteriorates due
to functional impairments due to physiological or psychological inability to perform the
organism’s natural functions. In recent decades, a view has developed that disability cannot
be treated as a dysfunction [11,22]. In the social model, disability is a simple difference
between normal and healthy human functioning [49], and the diversity of these functions
is a biological fact [50]. Therefore, the related differentiation does not result from physical
disabilities but corresponds to social norms.

Consequently, it is necessary to analyze the health-disease-normality triad each time.
According to [51], humans and their microbiomes are part of an ecosystem that can be
assessed as healthy or not, so the analysis of health, disease, and normality should not
be specific to individuals. Since it can be assumed that the human body belongs to the
physical world, absolute health criteria can be determined by analogy to nature’s laws due
to the material from which it is made.

However, there is also a different approach to health, where it is determined not only
by the absence of disease but also by its overall positive state. Therefore, total health can
be understood as a multifaceted reflection of the synergistic impact of human psychology,
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physicality, and social relations that make up a specific person’s well-being. In a relational
approach, as stated in the first sentence of the WHO Constitution from 1948, “health is a
state of complete physical, mental and social well-being and not merely the absence of disease or
infirmity” [6]. Therefore, full health is guaranteed by the balance and integration of all these
factors, complementary and autonomous at the same time. A person may feel sick, in the
face of emotional problems or the case of social isolation, despite being fully physically
fit. Conversely, he/she may consider himself healthy, despite his ailments or physical
illness, in the event of inner mental strength and an atmosphere of social benevolence [52].
This ambiguity is the basis for criticizing the definition mentioned above formulated by
WHO [53]. Based on the analyzes performed, three general categories of health can be
formulated [54]:

• All healthy people must have the same health characteristics;
• Everyone is healthy in their own way;
• Health assessment criteria concern a set of universal and individual aspects.

“There is some intercultural agreement as to the basic characteristics of health, manifested
primarily in the universal treatment of it as good, potency and activity” [55,56].

The unquestionable difficulty in establishing the essence of health is the dynamics of
its changes over time. Moreover, it seems necessary to adopt the concept of health as a
state of balance or a resultant balance between spiritual and bodily health [46]. There are
doubts about whether the essence of health is related to man as such when it could only
concern the civilization perspective. It is also worth noting that civilization’s progress may
introduce further changes and reevaluate the concept of health [46].

Regardless of the adopted philosophical view, the level of medicine, especially health
care, significantly impacts a country’s ‘economic conditions and societies’ health welfare.
It raises certain serious professional and ethical obligations on the part of physicians and
other healthcare professionals. Even in ancient times, the level of consciousness was
so high that medics, and with time, doctors, were required to swear an oath regarding
the morally appropriate level of performed tasks [57,58]. The Hippocratic Oath [59] has
traditionally become a moral duty for all physicians to this day. Although its words
changed, the meaning has remained the same for millennia. The doctor must help the
sick, respecting the patient’s autonomy [60,61], show charity [62], take actions that will
not harm the patient under any circumstances [63], and be fair to the patient [64]. In this
way, the generally recognized four basic ethical principles applicable to physicians were
defined [65–68]. The doctor must also be truthful concerning the patient’s health condition,
the development and advancement of his disease, and the undertaken therapeutic activities.
This principle has even been included as the fifth fundamental principle for dentists [69–72].
Doctors’ ethical duties also include the systematic improvement of professional knowledge
and the ongoing learning of scientific and clinical achievements, at least in their medical
specialization. It is extended by the knowledge of appropriate technical solutions that can
be used to improve the effectiveness of therapeutic activities undertaken by a physician.
It applies in particular to modern diagnostic techniques, the possibility of using modern
treatment techniques, especially surgical ones, the widespread use of the achievements
of medical informatics and imaging methods, as well as modern surgical tools, as well as
materials and technologies for the manufacturing of implants, but also, e.g., fillings used in
dentistry and new materials and technologies for the production of prosthetic restorations.

Undoubtedly, the subject of this paper largely concerns the philosophical assessment
of the current stage of development, goals, and threats of modern medicine. As mentioned
earlier, the set as mentioned earlier of four basic ethical principles supplemented with
the principle of truthfulness in relation to health and therapeutic activities constitutes the
moral foundation of all medical activity undertaken over the millennia. Suppose you want
to understand and at the same time explain any aspect of good health and well-being today.
In that case, it is impossible not to refer to the moral imperative that every doctor and other
person working in this important area of life must follow. It is obvious that every engineer
who works with physicians to improve human health is also strongly morally bound to
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respect these principles. On the other hand, disregarding these issues would render such
an analysis both incomplete and in many respects even non-purposeful.

It could also turn out that a medical device manufactured with or without the aware-
ness of these aspects may lead to the fact that the undertaken therapy harms the patient
directly in the short term, or systematically over many years, and in some extreme cases
even lead to the death of the patient.

Therefore, these are only appearances that biomaterials are not related to ethics. Any
biomaterial that in any aspect conflicts with any of the listed basic ethical principles
can never be applied by a doctor, e.g., as an implant or other medical device, making
engineering activities in this area completely pointless. Therefore, engineers working in
this area are strictly subject to the moral imperatives in force and expected in this regard.
One of the goals of this paper is to clearly emphasize the importance of these aspects in the
context of the design, manufacturing, and application of biomaterials.

3. The Impact of the COVID-19 Coronavirus Pandemic on the Health Situation in
the World

When analyzing the global health level in the second year of the severe acute respira-
tory syndrome pandemic caused by the SARS-CoV-2 COVID-19 coronavirus, this aspect’s
importance should be considered. The appearance of this creation of nature with a size of
100 trillion times shorter than the globe’s size caused unimaginable changes in the world
and resulted in virtually nothing returning to its original state from before the pandemic.
As of the first identified cases in Wuhan, China, in December 2019, the disease has spread
worldwide (Figure 8) [73–88], and lives have lost more than 2.5 million people (Figure 8).
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For example, during a ceremony at the White House on 23 February 2021, US President,
Joe Biden, in commemorating 500,000 people who died after being infected with COVID-19
in the US, stated that the disease in the US has so far claimed more lives than in World War
I and II combined with Vietnam War. It illustrates the scale of this destruction.

Doctors, paramedics, nurses, and other health professionals, including dentists work-
ing in the respiratory tract of patients and ENT specialists, have become numerous victims
of the SARS-CoV-2 coronavirus pandemic, many of whom, unfortunately, died in various
countries. Figure 9 shows an example [89] of the spread of the coronavirus in a dental clinic.



Processes 2021, 9, 865 11 of 65

Processes 2021, 9, x FOR PEER REVIEW 11 of 67 
 

 

 
Figure 8. Spread of the COVID-19 disease in various countries of the world as of 22 February 2021. 

 
Figure 9. Scheme of SARS-CoV-2 coronavirus transmission as a result of primary infection of the dentist by one sick patient. 

Figure 10 shows the life cycle of the SARS-CoV-2 coronavirus along with the poten-
tial induced immune responses [90]. Airborne droplets carry out the transmission of the 
SARS-CoV-2 coronavirus to infect the mucosa cells after reaching the oral cavity and res-
piratory tract. The angiotensin-converting-enzyme ACE-2, which is identified as a recep-
tor by the coronavirus spike receptor protein, exists in the human lower respiratory tract. 
The interaction of the spike coronavirus receptor protein with human cells is the initial 
stage of infection. Then the ribonucleic acid RNA of the viral genome is released into the 
cytoplasm [91]. RNA occurs in the cell nucleus and the cytoplasm and is the carrier of 
information between deoxyribonucleic acid DNA and proteins. RNA components are nu-
cleotides whose sequence depends on the order of these particles in DNA. RNA carries 
the genes of many viruses. RNA is typically single-stranded. In the case of single-stranded 

Figure 9. Scheme of SARS-CoV-2 coronavirus transmission as a result of primary infection of the dentist by one sick patient.

Figure 10 shows the life cycle of the SARS-CoV-2 coronavirus along with the potential
induced immune responses [90]. Airborne droplets carry out the transmission of the
SARS-CoV-2 coronavirus to infect the mucosa cells after reaching the oral cavity and
respiratory tract. The angiotensin-converting-enzyme ACE-2, which is identified as a
receptor by the coronavirus spike receptor protein, exists in the human lower respiratory
tract. The interaction of the spike coronavirus receptor protein with human cells is the
initial stage of infection. Then the ribonucleic acid RNA of the viral genome is released into
the cytoplasm [91]. RNA occurs in the cell nucleus and the cytoplasm and is the carrier
of information between deoxyribonucleic acid DNA and proteins. RNA components are
nucleotides whose sequence depends on the order of these particles in DNA. RNA carries
the genes of many viruses. RNA is typically single-stranded. In the case of single-stranded
molecules, especially those having enzymatic functions or cooperating in these functions,
the formation of double-stranded fragments by pairing different sections of the same strand
determines the structure of the entire molecule. Their polarity characterizes RNA viruses
containing a single strand of nucleic acid. The SARS-CoV-2 virus has a single-stranded
RNA genome wrapped in a nucleocapsid (N) protein and three major surface proteins:
the membrane (M), the envelope (E), and the spike (S), replicated to pass into the lower
respiratory tract. It can result in severe pneumonia. The spike fusion protein of the virus
plays an important role in penetrating the SARS-CoV-2 coronavirus into human cells [92].
In the first stage, the S1 glycoprotein determines the viral entry into the cell. In contrast, in
the next stage, the human cell fuses with the viral envelope with the participation of S2
glycoprotein [93]. The human angiotensin-converting enzyme 2 hACE2 receptor protein
acts as a receptor for this coronavirus, thanks to the SARS-CoV-2 Receptor-Binding Domain
RBD [94–101]. It is the cause of the multiplication of the SARS-CoV-2 coronavirus, including
in lung tissues, intestinal epithelial cells (enterocytes), kidneys, and blood vessels where
hACE2 is present [102,103]. However, not only the hACE2 protein is a receptor in cell fusion
because the SARS-CoV-2 coronavirus, to bind to the receptor of human cells, also activates
them through their proteases [104]. Unlike the active standing position of the dynamic
property of the RBD domain of other viruses, in the case of SARS-CoV-2, the RBD is usually
in a prone position, which makes binding to a human cell receptor through it impossible.
Endocytosis is the main way this coronavirus enters human cells. Endocytosis refers to the
penetration of larger molecules inside the cell that are too large to be transported by protein
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transporters. Therefore, vacuoles are formed, and coronaviruses enter the cell along with
fragments of the cell membrane. In addition to the hACE2 receptor, cell fusion activation
can also be caused by the body’s furin enzyme [100,105–109]. Inhibition of this enzyme
may imply a potential antiviral strategy [105–108,110]. Necessary in this process is the
phosphoinositide kinase enzyme PIKfyve containing five fingers, the TPCN2 dual-pore
calcium channel protein, and the cathepsin CTS toll-like receptor 7 TLR7. TLR7 is one
of the endolysosomal proteases whose role is to regulate innate and acquired immunity,
including cell adhesion and migration, processing, antigen presentation, and resistance
to various viral infections. It is necessary for the cleavage of TLRs and the formation
of functional receptors that enable the detection of viral nucleic acids such as RNA or
DNA [109]. The transmembrane protease enzyme serine 2 TMPRSS2 is also important in
the pathogenesis of SARS-CoV-2, the protease responsible for cell fusion with the S protein
of this coronavirus and induces the formation of syncytium [111,112]. The syncytium
is a multinuclear cell (multinuclear mass of protoplasm) formed by the fusion of loose
single mononuclear cells, with the simultaneous disappearance of the surrounding cell
membranes. The SARS-CoV-2 coronavirus may most likely form a syncytium depending
on the activity of the receptor but independently of the protease and also without the
participation of trypsin [109]. Trypsin belongs to endopeptidases and is a digestive enzyme
produced by the exocrine part of the pancreas in the form of a proenzyme—trypsinogen, an
amount of pancreatic juice. Trypsin is also able to generate syncytium through activation
of S-glycoprotein. The cumulative effect of TMPRSS2, lysosomal cathepsins, and furin on
the cellular penetration of SARS-CoV-2 has again been proven. Thus, blocking TMPRSS2
may be one of the treatments for COVID-19 [112–114]. Blocking the cell surface receptors
helps the virus replicate. The use of an angiotensin-converting enzyme may be one way of
preventing viral infection [115,116].
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From the epidemiological point of view, patients who do not show clear or no disease
symptoms are dangerous, especially as they constitute over 30% of the population, while
effectively transmitting the disease [78,79]. Severe symptoms of the disease, manifested by
dyspnea, hypoxia and resulting from the involvement of more than 50% of the lungs, occur
statistically in about 14% of cases, and in another 5% even acute symptoms of the disease,
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apart from respiratory failure, manifested by shock or multi-organ dysfunction [78], which
often leads to the death of the patient due to irreversible lung damage due to fibrotic
pathology and the inability to withdraw from mechanical ventilation or extracorporeal
life support. In some cases, it can be counteracted by lung transplantation [117]. Statistics
show a very high recovery rate, although some convalescents experience so-called long
COVID, causing damage to various organs over time [81], which is still under constant
investigation.

Research activities have been undertaken to develop anti-virus drugs, and work is still
ongoing, although there are no measurable effects to date. Therefore, almost exclusively
symptomatic treatment, supportive care, isolation, and severe cases, oxygen therapy, special
treatment methods, and even experimental methods are used [118].

In many countries, numerous preventive measures are taken to minimize virus trans-
mission risk, especially in public places. These activities mainly include social distancing,
disinfecting, washing hands, keeping unwashed hands away from the face, covering up
coughing and sneezing, using masks or face shields, ventilating rooms, physical or social
isolation, quarantine, shutting down various sectors of the economy, shutting down schools
and universities and a total social and economic lockdown.

As the number of COVID-19 cases continues to increase, the professional healthcare
system is facing growing challenges. One of the important elements of this approach is
the protection of doctors and other medical staff because only their efficiency gives any
chance of survival to millions of people in the world in the face of the threat of a fatal
disease. Various practically used methods were compared by performing a benchmarking
analysis and using the dendrological contextual matrix (Figure 11) [89,119–121], analogous
to the matrices of Boston Consulting Group introduced in the 1960s [122]. Figure 11 also
shows all types of applied solutions and their total assessment made based on the criteria
of potential and attractiveness given in this figure.
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the SARS-CoV-2 coronavirus.

Assessment results are plotted on a dendrological matrix. The quarter “Rooted dwarf
mountain pine” includes proven, mature methods (1,2), which have great potential but
may currently have complementary importance. “Soaring Cypress” is a quarter containing
very attractive methods (3,4), with possibilities for the future but requiring consolidation
to be able to apply them more widely. Weak in the “Quaking Aspen” quarter, there are low
potential and attractive methods (5), replaced with better solutions. The authors’ solution
(6), which eliminates the threat at the source with a set of virus elimination devices, is
located in the “Wide-stretching oak” quarter and is characterized by the greatest number
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of new products, objectively presented and groundbreaking meaning. However, the other
methods are relatively but only seemingly much more attractive (subjective impression
of the recipient) than their real potential (objective technical analysis). Therefore, their
importance is overestimated, despite their objectively weak usefulness.

A common approach to solving the problem is the STOP strategy. With this approach,
the protection of medical personnel against epidemiological threats consists in the suc-
cessive implementation of more and more radical measures, from systemic solutions to
technical and organizational solutions in the use of personal protective equipment. In the
most radical approach, doctors and nurses equipped with appropriate hermetic coveralls,
gloves, and helmets are completely isolated from the contaminated environment with
infected patients. This method almost completely limits the freedom of movement, exposes
to sweating and extreme thermal discomfort, shortens the effective working time, and
greatly complicates the liberty to perform precise medical procedures, such as surgery
or dentistry [89]. An almost opposite approach is represented by the proprietary SPEC
strategy, which can be used in dentistry, ENT, and anesthesiology. This breakthrough
strategy isolates the patient and the bioaerosol he exhales, as well as the clinical aerosol
associated with dental procedures, from the physician and the medical treatment room
(Figure 12). Bioaerosol and clinical aerosol are eliminated at the source. The solution hits
the cause to eliminate the causative factor. A comprehensive set of devices for collecting
the aerosol is right next to the patient’s mouth, and complete deactivation of this aerosol
after collecting in appropriate containers. The modular structure of the system protects
medical staff against coronavirus and other pathogens. The face shield is an important
element of this solution, and therefore one variant is shown in Figure 12. The study [89]
also compared this solution with the concepts of all other available personal protective
equipment for medical personnel against pathogens.
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The importance of preventive vaccinations against the SARS-CoV-2 coronavirus cannot
be overestimated. The different ways to prevent viral infection are given in Figure 10b,
which breaks down all SARS-CoV-2 vaccine candidates into seven major platforms (DNA,
RNA, protein-based, viral vector (non-replication), viral vector (with replication), virus
(inactivated), and virus (activated)), represented by different regimens. As of February
2021, 66 vaccine candidates are undergoing clinical trials in various stages. As of February
2021, 11 vaccines have been approved for public use against COVID-19, which have gained
acceptance in at least one country, and fall into four groups of vaccines:

• Two RNA vaccines (Pfizer—BioNTech and Moderna),
• Four conventional inactivated vaccines (BBIBP-CorV, Covaxin, CoronaVac, and CoviVac),
• Four vaccines with viral vectors (Oxford—AstraZeneca, Convidicea, Johnson & John-

son, and Sputnik V),
• One peptide vaccine (EpiVacCorona).

Many countries have implemented distribution plans that prioritize those at the high-
est risk of complications, including healthcare system staff due to the high probability of
infection and transmission of the coronavirus and the elderly with the lowest individual im-
munity [123]. According to official data from national health agency reports, 216.17 million
doses of the COVID-19 vaccine have been administered worldwide so far until 23 February
2021 [124]. The vaccination campaign is intense all over the world. However, it is worth
noting that it is unfortunately impossible to guarantee full immunity to the COVID-19
disease. Simultaneously, the vaccination of about 60–70% of the world’s population and
the population of all countries in the world gives a great chance to weaken both the virus’s
aggressiveness and mortality. Unfortunately, the virus mutates, and it is not certain that
any of the vaccines invented and implemented so far gives resistance to mutating variants
of the virus.

It should be expected that a similar situation may occur as in the case of acquired
immune deficiency syndrome AIDS, i.e., a disease caused by human immunodeficiency
virus HIV, which is transmitted not only through sexual contact and perinatal, but also
through exposure to secretions or tissues containing the virus, including, e.g., through the
blood. Despite the fact that the epidemic conditions have subsided, all health care staff to
this day use restrictive procedures to prevent accidental contact with blood, saliva, and
other secretions or tissues of potentially infected patients with this virus, that is in practice
against all patients for prevention [125–129].

It should be anticipated that, analogically, even in the event of an end to the COVID-19
pandemic and in the event of high effectiveness of vaccines, in the absence of certainty that
the protection in this respect is fully effective, it will be necessary for doctors and other
medical staff to apply preventive measures, according to appropriately adapted strategies
STOP and SPEC, protecting against the transmission of SARS-CoV-2 coronavirus and its
subsequent variants, including British, South African, Indian and Brazilian ones [130] and
all others that may emerge in the future.

In the book “Science of Logic” from 1812, the German philosopher Georg Wilhelm
Friedrich Hegel (1770–1831) formulated the thought that “Purely quantitative changes at
some point turn into qualitative changes.” The scale of the SARS-CoV-2 pandemic in a
little more than a year around the world makes it a serious qualitative change. Millions of
people worldwide get sick, millions of people have lost their lives because of it. Among
them were numerous doctors, nurses, paramedics, therapists, and diagnosticians. They
died because they saved the lives of others, their patients.

Since the first five cases of human immunodeficiency virus, HIV, infection causing
acquired immune deficiency syndrome, AIDS, were recorded in 1981, according to esti-
mates by the World Health Organization (WHO), the disease has affected approximately
80 million people since the beginning of the epidemic, of which over 35 million people
died. Since then, the approach of all physicians to protect themselves from infection has
changed. Infection with the hepatitis C virus HCV is similarly dangerous, for the discovery
of which Harvey Alter, Michael Houghton, and Charles Rice received the Nobel Prize in
medicine in 2020. It is estimated that about 170 million people are infected with HCV in
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the world. Blood may also be among the epidemiological routes of infection. Today, no one
doctor or dentist will start the medical procedure unless they put on gloves, although not
each patient can infect them through the blood. However, it will be enough if it is one in a
thousand or even in several thousand. The infection will be fact and death could happen.

Routine safety and precautionary measures should be taken as each physician knows
and follows them.

In essence, completely different measures must be taken than in HIV or HCV due to the
other way of transmitting the SARS-CoV-2 coronavirus. The approach to continuous and
systemic protection against this pathogenic and dangerous virus will remain unchanged,
but the mode should be absolutely unique and different.

Airborne droplets spread the SARS-CoV-2 virus. It is virulent, lethal, and is very
difficult to protect against. Doctors cannot risk their lives saving someone else’s life and
losing their own life. This fact completely changes the approach to medicine. As authors,
we realized that ensuring the safety of doctors and other members of the medical staff is
an important part of modern medicine and even becomes hierarchically superior to the
normal routine preventive, diagnostic, therapeutic, and interventional activities, including
implantology, and organ transplantation. The people should know it because everyone
will one day be a patient. That is why the safety aspects of medicine need to be addressed
in the paper on biomaterials. There is a need to change the approach. Appropriate
protective equipment against SARS-CoV-2 according to authors’ SPEC strategy should be
produced, which will allow doctors to work normally, without having to wear personal
protection equipment resembling a spaceman’s outfit, and at the same time so restraining to
movements and not providing any thermal comfort, and to perform many precise medical
procedures. A new generation of preventive measures requires the use, and perhaps even
the development and manufacturing, of a new generation of biomaterials for this type
of medical device. Looking at the problem of biomaterials holistically, it is impossible
to ignore this problem. It is the justification that one part of this paper is dedicated to
this issue.

4. The Necessity for Physicians to Use Technical Solutions Supporting Medicine
and Dentistry

The basic philosophical approach of medicine is disease prevention. Considering the
relationship between health and economic well-being requires the support of scientific re-
search and the development and application of advanced technologies related to medicine’s
technical support to ensure the fullest possible prevention of diseases. It requires a very
wide-ranging and planned action by entire national health systems. However, practice
shows that despite the great efforts, activities of many people, and huge financial outlays,
such activities cannot protect all patients from the disease. An example is dentistry. It is
estimated that 3.5–5 billion people worldwide, i.e., up to 60% of the population, suffer
from caries, leading to toothlessness and many systemic complications. Many people also
suffer from periodontal diseases, which leads to similar complications [16]. In such cases
and many other cases, e.g., in orthopedics, heart diseases, and cancer, it is necessary to
treat patients using interventional medicine methods safely. In traumatology, orthopedics,
maxillofacial surgery, and dentistry, it is often required to replace or supplement organs
or tissues to restore patients’ vital functions and prevent their biological and social degra-
dation today is both an avant-garde and an expensive branch of modern medicine [5].
The number of cases requiring this type of intervention is systematically increasing. The
dynamics of this growth is closely related, inter alia, with surgical treatment of neoplastic
tumors, often saving human life and removing inflammation, numerous road accidents
and the resulting serious injuries, sports accidents related to, among others, with extending
human life and practicing various sports by elderly people, as well as with the spread of
caries, periodontal diseases and increasing the scale of edentulousness [16]. For example,
in the European Union, around 1.7 million people are injured in road accidents each year,
according to the Association for the Improvement of Road Safety. In comparison, an aver-
age of about 6.1 million people is hospitalized in hospitals each year. It is predicted that the
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number of patients requiring replacement or replacement of organs or tissues, including
dental implantology, will systematically increase along with the extension of human life
and increase people’s participation over 65 in the total population, which will increase by
approximately 70% by 2050 [9].

Achievements in the field of implantology, prosthetics, tissue engineering, and natural
organ transplants, serving specific patients directly, setting the latest trends in medicine and
interventional and regenerative dentistry, have their sources in the deep knowledge and ex-
perience of doctors and biologists, what is obvious. However, the enormous achievements
in the field of engineering, generally referred to as bioengineering, with the participation
of medical and dental engineering, including, among others, advanced modeling, compu-
tational science, and computer-aided engineering design, materials engineering, materials
process technologies, and manufacturing engineering together with additive technologies,
nanotechnology, and surface engineering (Figure 13). Bioengineering is richly collaborative
and interdisciplinary and focuses on integrative applications and solves problems left unan-
swered by engineering and physical/life science disciplines [131,132]. The diagram shows
the multidisciplinary nature of this engineering discipline in the form of a multicoloured
flower. Each of the petals corresponds to a different area of knowledge contributing to
it. In the central part, various areas of interest in science and engineering are specified
as examples.
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Bioengineering tasks pose special challenges for the engineering staff of many spe-
cialties indicated in the diagram, which should meet, on the one hand, the expectations of
doctors serving the avant-garde areas of medicine, regenerative dentistry, tissue engineer-
ing and corresponding to the challenges related to patients health, and on the other hand,
fulfill the principles of the current development stage of Industry 4.0 [133–139] is very
responsible research. According to complex and advanced original technologies, the most
avant-garde trends concern the offering of personalized medical devices manufactured
according to the patient’s individual anatomical features and newer and newer biomaterials
used in implantable devices. These issues are among the most avant-garde and constantly
developing engineering problems of great importance for the development of medicine
and dentistry and have been the authors’ scientific interest for many years [9,140–159].
The collaboration of biomedical and dental engineers with doctors in patients’ service and
assisting them in removing or at least alleviating the disease’s effects obligates doctors
and engineers with a specific ethical approach. As part of the obligation to systemati-
cally expand their knowledge, this cooperation imposes on doctors to follow the latest
scientific achievements to use them for their own patients. The far-reaching dependence
of modern medicine and dentistry on technical progress and engineering achievements
requires doctors to trust engineers and rely on their experience and knowledge and their
entrepreneurship and initiative. From this, these particular ethical requirements arise,
which must be met by every engineer working with a doctor, even though he/she is not
officially obliged to take any oaths. However, this is an undisputed and unconditional
moral imperative of an engineer. It is a schematic view in the form of the oppression of two
hands symbolizing two different communities’ cooperation, shown in Figure 14 [57,58].
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The requirements for this cooperation include the provision of advanced medical de-
vices using the latest technology achievements, but also often, e.g., in the case of dentistry,
trauma surgery, regenerative medicine, individual design and production of prosthetic
restorations, implants, or rehabilitation devices personalized to the patient’s anatomical
features. It requires the use of extensive engineering knowledge in the field of modern
design and manufacturing methods using computer-aided engineering works, including
computer-aided design CAD and manufacturing CAM, computerization, robotization, and
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automation. It requires using the most advanced biomedical and other engineering materi-
als and the most modern engineering technologies, including additive manufacturing and
surface treatment. Although engineers generally do not participate in medical procedures
involving patients, they are also guided by ethical principles [160–163] (Figure 14), which
include a pentad, including improving specialist knowledge, achieving high competence,
ensuring high standards, serving society in line with the ethos of the engineering pro-
fession, and designing and manufacturing products of high technical and utility values.
The considerations are of professional ethics, which results directly from every person’s
internal imperative, which is a derivative of upbringing and worldview beliefs. Admittedly,
many so-called ethical codes of various professional groups, but in fact, play a similar role
to legal regulations. Sometimes the effect of such regulations coincides with the ethical
imperative, but the motivations are completely different. Three orders are not mutually
exclusive and can even complement each other. The motivation in each of them answers
a different question. How to proceed is the ethical question. What people will say is a
social category. What kind of punishment can be imposed is the legal order. Therefore,
each code can be included in the second or even third of the groups mentioned above of
regulations. On the other hand, the highest possible value is the inner conviction of the
need to perform the duties properly. In the case of a biomedical or dental engineer, it is
also a moral responsibility towards patients, despite the most frequent anonymity of the
function performed by him/her in the process of treating patients.

However, the implementation of all avant-garde technical solutions is acceptable only
when their use means an absolute risk that is less than the total benefits. In the latest
technological solutions, sometimes, this rule should be exceptionally abandoned [164]. It
will be an ethical tort, or even an offense, to avoid the latest technical solutions in clinical
practice consciously.

A very wide range of medical products and devices is of interest to biomedical engi-
neering (Figures 15 and 16). Due to the significant degree of possible health complications,
the principles of manufacturing both medical products and devices are subject to strict legal
regulations. For example, in the European Union, these issues are covered by the medical
device regulation MDR and the in vitro diagnostic medical device regulation IVDR [165].

“‘Medical device’ means any instrument, apparatus, appliance, software, implant, reagent, material
or other article intended by the manufacturer to be used, alone or in combination, for human beings”,
instruments, bandages and splints, and treatment chairs and hospital beds. In turn, “in vitro
diagnostic medical device means any medical device which is a reagent, reagent product, calibrator,
control material, kit, instrument, apparatus, piece of equipment, software or system, whether used
alone or in combination, intended by the manufacturer to be used in vitro for the examination of
specimens, including blood and tissue donations, derived from the human body.”

Examples include pregnancy tests and blood glucose monitors. Some products called
borderline ones are difficult to put into any of these groups. For example, it is possible
to specify medicated surgical dressings or head lice products. Specific legal regulations
similar to those relating to medical devices also apply to aesthetic products, including
non-corrective contact lenses, liposuction equipment, or equipment intended for brain
stimulation. The classification of both basic groups of medical devices is risk-based, which
dictates the appropriate conformity assessment procedures. It also applies to research
works, when in a significant number of cases, the Bioethics Committee’s consent is required.
Class I, and as appropriate devices do not require release procedures. However, some
require approval by a notified body for parts of the manufacturing process related to
sterility or metrology if the medical device contains sterile products or has a measuring
function. In all other cases, it is necessary to perform appropriate and prescribed by law
con assessment activities, referred to as General Safety and Performance Requirements.
These procedures are handled by the proper Competent Authority Institutions designated
in each country.
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The historical development of manufacturing processes is part of the development of
human material culture. The most popular industrial development concept developed in
Germany, popularized globally, and described in numerous authors’ own works [133,134,
136,145,166–232]. The first step in this development of Industry 1.0 and the beginning of the
industrial revolution was the steam engines’ introduction at the end of the 18th century. In
the classic model of the current stage of Industry 4.0 [133,134,136,179,185–187,190–193,196–
200,205–209,211,213,220,233,234] nine basic technologies described in the literature are
indicated [133,134,166,167,174,178–233,235–238] creating cyber-physical systems (CPS),
making smart decisions based on real-time communication with people, machines and
sensors. It turned out that this model is one-sided and requires a significant extension, not
just complex cyber-physical systems and very advanced tools and information systems.
This model, however, gives the erroneous impression that the progress concerns only
CPS systems, which is not true because it is necessary to include engineering materials,
technological manufacturing processes, and technological machines in this model [133,134,
136,168–172,183,239] (Figure 18). Far-reaching simplification also boils down to limiting
technological issues only to additive manufacturing. As the only technology included
in the classic Industry 4.0 model cannot be considered competitive to other technologies
necessary to use in many product manufacturing processes.
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Manufacturing products is a technological process organized according to a well-
designed plan, requires the use of engineering materials, as well as energy, capital, people,
various machines, and is a comprehensive activity bringing together people who carry out
different professions and activities, using different machines, equipment, and tools, to a
varying degree automated, including computers and robots, most modernly included in the
rules of the Industry 4.0 stage. The purpose of production is each time to satisfy the market
needs of customers, following the developed strategy of the company or organization
involved in the production, using the available possibilities and devices. The technical
aspects of introducing a given product to the market, including medical devices, by the
manufacturing organization relate to industrial design, engineering design, production
preparation, manufacturing, and servicing (Figure 19).

Thus, in introducing products to the market, three main spheres can be selected,
i.e., marketing and sales, product development, including the design of the product, and
manufacturing [240]. The product design phase is concerned with industrial design, engi-
neering design, and production preparation. Engineering design, in which the design of
the production system and product design can be mentioned, is not an isolated activity
because it affects all other phases of introducing a given product to the market. It is also
dependent. Modern engineering design of products is a complex process, covering three
equally important and inseparable and closely interrelated and complementary areas of
activities related to material design, structural design of product forms, and technological
design of product manufacturing, in a wide range including, inter alia, materials process-
ing technologies. The basic premise is the 6 × E (expectations) rule [133,136,241]. The
functional features of the products expected by the customer will be ensured if the expected
engineering material is used for their production, processed with the use of technology with
the expected quality, to obtain the expected shape of the final product with the expected
structure and expected mechanical and functional properties. New engineering materials
and manufacturing processes are subordinated to the customer’s needs and the products’
needed functions, including medical devices. The material design methodology shaped
in this way is associated with numerous activities related to the modeling and simulation
of manufacturing processes and the prediction of the operational properties of materials,
the development of safe material technologies and products composed of nanostructured
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elements, the standardization of research on the properties of materials, especially nanos-
tructured ones, and the development of a methodology for predicting the behavior of new
materials during operation. The basis of material design in any practical application is
multi-criteria optimization related to belonging to one of the main groups of engineering
materials or the group of natural materials, with the chemical composition, manufactur-
ing conditions, operating conditions, and the method of removing material waste in the
post-use phase, as well as price conditions related to the acquisition of materials, their
processing into products, the products themselves, as well as the costs of post-production
and post-exploitation waste disposal, as well as modeling all processes and properties
related to materials. The most advanced stage of selecting materials understood in this way
is defined as Material 4.0 [133–136,173,241], together with the possibility of doing virtual
experiments under the idea of “digital twins”.
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Designing and manufacturing products with all expected utility values and properties
required for technical reasons is the basic goal of all engineering activities. Engineering
design is related to determining the shape of a product and its components to ensure
the appropriate operation mode, taking into account the costs. The designed product
must meet the parameters fully corresponding to its intended functional features, shape
requirements, and dimensional tolerances. Apart from the list of materials and production
methods, the project must consider the consequences and risk of damage to the product
due to foreseeable but probable misuse or imperfection in the manufacturing process.
Possible consequences of a product failure affect the assessment of the significance of its
assumed reliability. The economic considerations do not impose overly high requirements
on reliability if there is no injury to people and no significant loss to occur due to damage
to this product during use. Each version of the shape of the product imposes material
requirements, which may include the relationship between the stresses associated with
the shape of the product and its load and the strength of the material. Process change can
change material properties, and some product shapes and material combinations may not
be feasible with some technological processes. Deterministic or probabilistic methods can
determine the relationship between the requirements for the shape of the product and the
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material’s characteristics. In deterministic methods, calculations are based on nominal
or average values of stresses, dimensions, and strength. Also, appropriate safety factors
are used, whose task is to consider the expected variability of these design parameters.
In the probabilistic approach, individual parameters are assigned a proper variability
distribution. Using these distributions and an acceptable margin of safety is possible to
determine either the minimum adequate critical sections or the minimum strength of the
product’s key elements to be designed. It is then necessary to use more sophisticated
calculation methods, resulting in a more compact structure of elements, requiring a smaller
material mass. Regardless of the approach to the engineering design of product elements,
the influence of notch and stress concentration should increase the damage’s sensitivity.
The cyclic loads, high or low-temperature operation and the presence of general corrosion
or stress corrosion cracking are special hazards that must be taken into account in the
material selection process.

In engineering design, quality management issues should be taken into account. Due
to the disastrous consequences of placing defective products or services on the market,
in each production process very important should be quality assurance. The constantly
increasing quality requirements set by customers force manufacturers to focus their efforts
in a pro-quality manner. Nowadays, the problem does not come down to detecting
product defects but avoiding them or eliminating them during the manufacturing process.
Therefore, it requires manufacturing and offering products for sale and services meeting
the requirements of high and repeatable quality, modern, delivered on time, and provided
at an affordable and competitive price. The conditions mentioned above pose certain
expectations at the engineering design stage concerning the required quality of production
and products. Failure Mode, Effect, and Causes Analysis (FMEA) is used more and more
as an analytical method for both product design and manufacturing to avoid occurring or
potential product defects. It is especially recommended in the development and production
of a new product because it allows for identifying possible defects in advance, which
enables their elimination as a result of applying preventive measures, even before the
production of, for example, a new product [121,242].

In addition to the manufacturing processes, the engineering design process itself
requires quality assurance, which is why it is planned, controlled, and supervised by
clearly and comprehensively established goals, proper documentation of each stage of
design, as well as by checking the results of activities by highly qualified staff. Such
actions aim to change the previously common situation, where the design product was
verified during the production or even operation of the product. Most errors and defects
were revealed. Therefore, the applicable organizations and engineering design methods
should reduce the number of design errors, detect them, and eliminate them already at
the design time. Planning activities related to engineering design consist of dividing the
process into stages, determining the design process points where project reviews and
verifications are planned, linking and coordinating component activities, and determining
the group of employees implementing the project and the means of enabling this activity.
is essential to consider the complete product lifecycle when designing a product from the
concept development stage. Due to the identification of threats related to the prospect of
disturbing the ecological balance as a result of human activity, following the concept of
sustainable development, ensuring the necessary balance between the interests of modern
and future generations, the goal of which is a man and not material goods. Sustainable
development on a global scale is the sum of local events, which requires searching for
detailed design and technological solutions. Hence the emerging terms of sustainable
technology or sustainable product or sustainable management. The fundamental role of
material and technology design in the product life cycle’s ecological course directly follows.
It deals with two aspects: the market duration cycle and the technical duration cycle. The
quality loop (Figure 19c) covers all phases of the project that enable shaping the product
quality, from the initial determination of its parameters and description of needs to the final
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fulfillment of the recipient’s requirements. Quality issues in the production, distribution,
and consumption processes of a product must be considered comprehensively.

The product should be designed considering the possibility of reusing its elements
that are not subject to wear or recovering the materials from which it is made. The re-use
of these elements and materials reduces the consumption of raw materials and allows
you to save energy needed to obtain engineering materials, e.g., metal from ore. The
energy consumption is significantly reduced when using materials that do not require heat
treatment with good strength properties. During operation, the energy consumed also has
a significant share in the cost of a product’s full life cycle [121,242].

The production of many medical devices, including orthopedic implants and standard
mass-produced dental implants, in terms of organization, does not differ in any way from
the production of other products, e.g., household appliances or cars. A smart factory is
the basis of the modern manufacturing process [204,206], with a high degree of automa-
tion, robotization, and computerization based on the principles of Industry 4.0 for the
development of industrial production (Figure 20).
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Smart factories producing smart products use the embedded cyber-physical system
to create value and exchange smart data via smart grids. Intelligent decisions regarding
both the conditions of production and the value chain are made due to smart cooperation
and information exchange between people and machines using a set of smart sensors. The
exchange of information is ensured by the collaboration of the Internet of Things, people,
and services. Relationships between stakeholders, i.e., employees, suppliers, and customers,
production devices, and products in the product life cycle, are realized due to the exchange
of information located in a virtual network using the computing cloud [190,191,211]. The
smart data collected in this way influences the actuators in real-time due to which they
change processes, products, and people’s reactions. According to the augmented holistic
model of Industry 4.0, twelve key technologies are used, including cyber-physical systems
and engineering materials, and a full set of manufacturing technologies and machines,
including additive technologies (Figure 20). Undoubtedly, this approach concerning the
discussed problem should be considered Bioengineering 4.0, as a detailed case of Industry
4.0. On the other hand, this requires strict adherence to the achievements in this area in
all phases of the manufacturing process, starting from market analysis, through industrial
design, engineering design, production preparation, manufacturing, distribution, and
maintenance, as well as removal or processing in the post-consumer phase of the product
life cycle (Figure 21).
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Dentistry 4.0.

A quite different situation is in the production of fully personalized implants and
prosthetic restorations, which usually occur during implantological and prosthetic treat-
ment in dentistry. In this case, the implementation of the achievements of Dentistry 4.0
corresponding to the current stage of Industry 4.0 development takes place in the center
of manufacturing of prosthetic dental restoration, cooperating directly with the dental
clinic. Figure 21 shows the role and the most important factors and tasks of the three basic
subjects participating in modern implant prosthetic treatment. In the previous historical
stage of Dentistry 3.0, the dominant achievement was improving conservative dentistry’s
effectiveness and disseminating X-ray images in diagnosing the dental condition [243].
The noticeable effects at the stage of Dentistry 4.0 corresponding to the smart factory
standards include 3D imaging with the use of cone-beam computer tomography CBCT,
data manipulation, and cloud computing, and above all, the use of computer-aided design
CAD and manufacturing CAM methods for the production of personalized prosthetic
restorations and it is not only by milling with the use of center numerically controlled CNC
but above all by additive manufacturing AM, the so-called 3D printing technology. The
numerous benefits include improved oral state and a significant reduction in the total time
of medical procedures, in some cases from several months to one day, after prior diagnosis
with CBCT tomography [243]. The benefits also include reducing manufacturing costs and
the overall costs of implant-prosthetic treatment and the costs of the dentist, medical and
engineering staff, and the patient’s time [133,134]. The benefits of Dentistry 4.0 also include
the integration of supplier and patient networks (Figure 22).

As the manufacturing centers for prosthetic restorations belong to micro or small
enterprises, and the production is unique and personalized, automated guided AGVs
are usually not used. Still, smart entry and exit logistics are applied. These centers
collaborate with numerous dental clinics, from where they receive electronic data on
the diagnosis of individual patients, including CBCT photos, via the network or cloud
computing. On this basis, prosthetic restorations, models, and templates are designed
and manufactured through computer-aided design CAD and production planning CAPP
with the use of centers numerically controlled CNC, machines for additive manufacturing,
e.g., the selective laser sintering SLS method, as well as surface coating, including internal
surface coating, by atomic layer deposition ALD, often involving robots. A cyber-physical
system enables creating a value chain. Sensor systems of manufacturing machines identify
the factors of creating value and monitor manufacturing processes, and smart data activates
the appropriate actuators. Prosthetic restorations from essence are personalized according
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to the principle of demand in every case so that a prototype is always produced. Still, it
can be verified in virtual reality using the method of “digital twins”. It is also possible to
apply artificial intelligence and machine learning methods, which enable machines to be
smart to react to various production situations.
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Since ancient times, numerous medical procedures have been performed, including
surgical ones requiring the use of various tools, documented, among others, by still in
ancient Egypt recorded on artifacts and inscriptions discovered in Thebes and Rome and
Greece. Even then, the relationship between technology and medicine became stronger with
time. Many medical achievements have become possible only thanks to the possibilities
offered by modern computer science, image analysis, electronics, and numerous medical
devices, manufactured using the latest achievements of modern industry. From the point
of view of the essence of the design and manufacturing processes, there is no difference
between the production of an implant or dental prosthetic restoration and the production
of a modern car or large passenger aircraft. The old, masterful approach has long gone
down in history. The latest achievements of the current stage of the Industry 4.0 industrial
revolution also apply to medical devices. The awareness of this fact must be disseminated
among engineers dealing with bioengineering issues, and, importantly, among physicians
who must have such advanced knowledge to be able to make appropriate demands with
engineers cooperating with them. The extremely high and advanced level of engineering
knowledge enables the achievement of such goals, but with full respect for the ethical
principles that apply to all possible aspects of medicine. Biomaterials, without which any
medical device cannot be made, play an extremely important role in this process.

Hence, this part of this paper focuses on the processes of designing and manufacturing
biomaterials that ensure the advancement of medicine for a stage that is generally suggested
name as Bioengineering 4.0. It should be noted that it is possible and necessary to use the
idea of ”digital twins fully”. With extensive experiments in virtual reality, the costs and the
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number of practically performed laboratory and/or industrial trials can be reduced to a
minimum.

5. Examples of Application of Various Biomaterials in Medicine and Dentistry

All products, including implants, implant-scaffolds, prosthetic restorations, and ele-
ments of medical devices, appliances, and apparatus, including electronic components in
diagnostic devices and computer equipment used in medicine and dentistry, are produced
of engineering materials. Without engineering materials, there are no products. Hence is
the importance of engineering materials in any type of human production. In the context
of health care, the group of biomedical materials [146,152,244–255], also often referred to as
biomaterials, is of special importance. A biomaterial (biomedical material) is any substance
that can be used at any time to supplement or replace the tissues of an organ or part of it to
fulfill its function [150,242,256–258], provided that it is neither a drug nor a combination
of synthetic or natural substances [258]. Biomaterials are characterized by the required
biotolerance (biocompatibility), i.e., biological compatibility and harmony of interaction
with living matter. Biotolerance (biocompatibility) is defined as biocompatibility. It means
the harmony of interactions within living matter. The biomaterial with optimal biotolerance
does not cause acute or chronic reactions or inflammation of the surrounding tissues. It
does not interfere with the proper differentiation of the amputated tissue surroundings.
The concept of biotolerance is often associated with preventing the initiation of toxico-
logical and immunological reactions and the effects of tissue irritation [256]. Figure 23
shows the general classification of implants. A few criteria for the division of this group of
materials can be adopted [152,250,253,259–280]. Therefore in this figure, a different graphic
form was used for each criterion.
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This group of materials includes both metal materials, including pure metals and their
alloys, and ceramic, polymer, and composite materials, and porous materials. Table 1 lists
the most important criteria for the quality of biomaterials, including a set of requirements
for implants [146].
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Table 1. Examples of requirements for materials used for surgical implants.

Mechanical Properties Technological Properties Biotolerance

• tensile strength,
• yield point,
• fatigue strength,
• hardness,
• abrasion resistance,
• stiffness,
• plasticity (elongation, contraction),
• ductility (resistance to fracture).

• ensuring the assumed quality of the
biomaterial,

• ensuring the required quality of the
surface and the implant,

• suitability of the material and
product for effective sterilization,

• minimal manufacturing costs.

• reactions with tissues and body fluids,
• stability of ownership:
• mechanical,
• physical,
• chemical,
• degradation related to:
• local damage to the implant (harmful

changes),
• systematic corrosion effects (harmful

damage).

Biomedical materials usually come into direct contact with living cells, tissues, pro-
teins, and even organs and organ systems. The criteria for classifying medical devices
include [146]:

• contact or interaction with the body,
• contact with injured skin,
• contact with internal organs (e.g., heart, circulatory system),
• invasive nature with the holes in the body,
• implantation into the body,
• donating energy or substances to the body,
• period of application.

Table 2 presents the general classification of medical devices [146].
Biomedical materials are usually used to make the various medical devices listed in

Table 2, which corresponds to the definition of engineering material. Sometimes, however,
some chemicals, such as collagen injected to remove soft tissue defects, are used alone.
Although they do not meet the definition of engineering materials, they are broadly referred
to together with the relevant biomedical materials.

Technological progress has influenced the spread of biomaterials in various health-
care areas, including bioengineering, regenerative medicine, and tissue engineering. The
authors previously presented their views and gathered extensive knowledge in this regard
in previously published scientific books and academic textbooks [146,150,152,154,242,281].
Simultaneously, the biomaterials’ usability and application versatility increased, regardless
of the wide range of unique applications. There is a continuous development of novel
methods for the controlled delivery and release of drugs. Smart biomaterials have been
developed, including in some applications; they allow interaction with biological systems,
such as bioactive molecules’ transport. Smart biomaterials generate and transmit bioelectric
signals analogous to those generated in original tissues, ensuring proper physiological
functions. Piezo scaffolds are smart materials that play a significant role in tissue engineer-
ing. They stimulate signaling pathways and consequently improve tissue regeneration
in the damaged area. The importance of partially or fully porous orthopedic and dental
and craniofacial implants increases, including those with layers inside the pores, both bio-
compatible and preventing toxic spinal diffusion of certain metals, preventing metallosis.
Porous structures stimulate bone growth around the implant and reduce the modulus
of elasticity. Scaffolds enable the production of functional tissues. Powder metallurgy,
3D printing, and additive manufacturing are just some of the potential manufacturing
techniques. Porous implants and implant-scaffolds, both metal, and ceramic, can be de-
signed and manufactured using additive methods, the so-called 3D printing [139,282–291].
However, powder engineering is still offered wide possibilities, traditionally called pow-
der metallurgy [137,138,152,292,293]. Additive methods are gaining importance among
powder engineering methods applied to medical and dental devices made of biomaterials.
These methods are comprised of others, in which metal and ceramic powders are used, in
Figure 24. The method of procedural benchmarking was used [119,121,138]. The figure
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also lists the criteria for the potential and attractiveness of each technology. Marked as
maroon-violet additive methods, including selective laser sintering and related methods,
are located in the most favorable quadrant of the dendrological matrix–wide-stretching
oak. Additive technologies concerning polymer materials used, among others, are also
very possible on surgical templates and epitheses.

For these reasons, additive manufacturing technology is becoming more common
concerning biomaterials and various medical devices, especially implants, both orthopedic,
surgical, and dental [142,294–314].

Table 2. The general classification of medical devices.

The Main Criterion
for Classification

Medical Device
Groups

Medical Devices
Subgroups Comment

period of use of
medical devices

transient
(<60 min)

short-term
(<30 days)

long-term
(>30 days)

degree of
invasiveness

invasive devices
(penetrating deep into
the body through an
opening in the body or
its surface)

surgical as a result of a surgical procedure, they are introduced
inside the body or under its surface

implanted
intended to be completely introduced into the body or to
replace the epithelial surface or the surface of the eye as a
result of a surgical intervention

surgical instruments

active devices

medical their operation depends on the conversion of feed energy
other than directly generated by the body or gravity

therapeutic

diagnostic

Implants

surgical placed in the intended place in the body by surgical
methods

other for example, needles, drains, filters

implanted
prostheses

internal prostheses or endoprostheses that physically
replace an organ or tissue

artificial organs replacing wholly or partially the function of one of the main
organs, often in a non-anatomical way

a field of medical use
or a specific location
in the body

Implants

orthopedic
used to support, replace or supplement temporarily or
permanently bone, cartilage, ligaments, tendons or
associated tissues

oral
used to improve, enlarge, or replace any hard or soft tissue
in the mouth involving the maxilla, mandible, or
temporomandibular joint

craniofacial used to correct or replace hard or soft tissues in the
craniofacial area except for the brain, eyes and inner ear

dental used to replace missing teeth
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Figure 25 shows an example of a full-arch dental bridge manufactured by selective laser
sintering SLS from Co25Cr5W5MoSi alloy after individual design using CAD methods.
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Figure 25. The examples of different stages of design and manufacturing by the selective laser sintering SLS of dental
bridges from Co-Cr powders: (a) virtual tooth model and the verification of the parallelism of the pillars; (b) the finished
foundation design for transferring from CAD to CAM; (c) selective laser sintering process photo; (d) the finished element
after SLS; (e) the prosthetic restoration veneered with porcelain; (f) the bridge installed in the patient mouth.

Figure 26 shows the research results on selecting the conditions for selective laser
sintering of Co25Cr5W5MoSi [291] and Ti6Al4V [139] alloys and their influence on the
structure and properties of these alloys. These metal materials can be used in surgery
and implantology, both in dentistry and orthopedics, and for other types of implants and
prosthetic restorations. It turns out that the technological porosity depends, among others,
on on the laser power density resulting from the interaction of the laser power and the
diameter of the laser beam, as well as on the flow of protective gas and a dozen or so
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variables, it can vary from 0.06 to over 10%, which causes almost 2.5 times differentiation
in the strength of additive manufactured materials. Structural studies show that too
low laser power density results in many powder particles did not melt during sintering.
Sintering with the liquid phase’s participation cannot occur, while diffusion processes do
not occur [315–318]. Therefore, the technological process carried out in these conditions is
far from correct.
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increasing the system temperature, thanks to which the sintering intensity increases [326]. 
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Figure 26. Influence of manufacturing conditions during selective laser sintering of powder on the tensile strength and
structure of: (a–d) Co25Cr5Mo5WSi alloy; (e–h) Ti6Al4V alloy: (a) tensile strength (powder thickness 25 µm; laser power
105 W; laser spot diameter 10 µm (variant 4–80 µm), scan speed 630 mm/s; laser beam width variant 1,4,5—120 µm, variant
2,3—80 µm, variant 6—100 µm, allowance, variant 1,2,4.5—0, variant 3.6—10%; variant 6—incorrect flow of protective
gas); (b) porosity 0.08%—option 3; (c,d) porosity 9.87%—variant 1; (e) tensile strength; (f–h) porosity (f) correctly sintered
alloy 0.06%; (g,h) under extremely inadequate conditions 10.53%; (d,h) pores resulting from incompleteness of liquid phase
sintering; (b,c,f,g) LM; (d,h) SEM.

It turns out that the technological porosity depends, among others, on the laser power
density resulting from the interaction of the laser power and the diameter of the laser
beam, as well as on the flow of protective gas and a dozen or so variables, it can vary from
0.06 to over 10%, which causes almost 2.5 times differentiation in the strength of additive
manufacturing materials. Structural studies show that too low laser power density results
in the fact that many powder particles do not melt during sintering. Sintering with the
liquid phase’s participation cannot occur, while diffusion processes do not occur [315–318].
Therefore, the technological process carried out under these conditions is far from correct.

Figure 27 shows a diagram of the SLS selective laser sintering process [137,293,319,320].
It is worth noting that this technology belongs to the group of Powder Bed Fusion (PBF)
processes. The literature has different names for additive manufacturing AM’s techno-
logical processes, which are identical or very similar in principle. Such processes include,
among others [293,319]: Selective Laser Melting (SLM), direct metal laser sintering (DMLS),
or high-temperature laser sintering (HTLS). As these processes are similar in terms of
basic operation principles, it is advisable to use SLS. The study of the differences between
these processes practiced, e.g., in dentistry, is unjustified and pointless. The essence of the
process is sintering with the participation of the liquid phase sintering LPS. It means that
each powder particle is melted or, when it is very fine, even completely melted. Generally,
it does not completely melt, remelting the joined material and even any of its successive
layers of powder (Figure 27) [137,315]. Liquid phase sintering (LPS) consists of sintering
with the coexistence of a liquid and a solid during all the sintering process or its part [321],
which then arises, ensures that the undissolved powder particles or their cores contained in
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the mixture are wetted [322,323]. The liquid is subject to capillary forces [324,325], which
results in densification, a further fusion of the solid with increased surface energy, and
subsequent solidification of the liquid phase [321]. Mass transport speed in the liquid phase
is hundreds of times faster than in solid sintering [315]. The improvement of the liquid
phase’s wettability and the change of the surface energy is favored by increasing the system
temperature, thanks to which the sintering intensity increases [326]. This mechanism
practically does not occur in pure elements and is appropriate for multi-phase steppes,
especially for multi-component powders. The process consists of melting at the boundaries
of each powder particle, and the share of solid’s diffusion processes is then of marginal
importance. Such a liquid phase sintering mechanism is dominant in 90% of all sintered
materials’ commercial value [137,138,292,315]. The phenomena occurring are similar to
those described during the heating of the supersolidus and shown in [137].
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Unfortunately, this obvious information is unknown in many centers trying to apply
additive manufacturing technology in medicine and dentistry. Hence, there will be publi-
cations [327,328] in which it is generalized that the properties of additive manufacturing
or conventionally cast materials do not differ from each other. It seems to indicate that
about 60% of the possibilities provided by the material used and the additive manufac-
turing process are used in such a technological process. It is just such a lowering of the
manufactured medical and dental devices’ properties due to the uncritical application
of factory recommendations for additive manufacturing. This type of practice used in
medicine and dentistry bears the features of an ethical tort committed both by doctors who
apply such manufactured implants or prosthetic restorations and engineers who design
and manufacture medical devices with unacceptably low properties exposing patients to
significant health damage. It is hard to imagine, but the reason may be even more prosaic,
that doctors stock up on an expensive machine and, without an engineering background,
do the work on their own. It is an even greater ethical delict that violates the Hippocratic
oath principles [57,58]. In the name of well-understood patients’ expectations, substantive
attention should be paid to the irregularities in such papers to avoid false information that
cannot be used for patients.

Figure 28 shows a comparison of the properties of metal materials, including titanium,
Ti6Al4V alloy, and Co-Cr alloy produced by selective laser sintering and by milling a
conventionally cast disc in a CNC milling center, as well as ZrO2 material milled in the
pressed state in a CNC milling center from the disc and then sintered. These studies
indicate very low strength properties of this sintered material, indicating the maintenance
of far-reaching caution in the use of this material in prosthetics and implantology, including
dentistry [329].
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after static bending test (b,c) Ti6Al4V solid alloy samples produced by selective laser sintering using a 50 µm laser spot
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For this reason, Co-Cr alloy is still of great importance in dental prosthetics. Figure 29
shows an example of manufacturing a full-arch prosthetic bridge based on tooth abutments
through milling in a CNC center from conventionally cast discs.

Porous materials made from powders by additive methods are very useful in some
applications [137,138,282–288,292,293]. Figure 30 shows the results of studies on selectively
laser sintered porous titanium [144], including the structure observed in the high-resolution
transmission electron microscope HRTEM.

The original concept of porous materials or porous zones on a solid substrate was used,
among others, in metal implant-scaffolds produced by selective laser sintering [330–334].
Implementing this concept, both in dentistry and orthopedics, is possible to design and
manufacture a solid core and a porous surface layer. Living cells, most often osteoblasts,
can grow. Surface layers also play an important role, making engineering materials useful
in these applications, which meet the stringent requirements to a lesser extent. Figure 31
shows the research results on the application of 1000–1500 layers of Al2O3 and TiO2 using
the atomic layers deposition method with a total thickness of 1–3 µm. It is the only method
that allows the coatings to be applied inside the porous structure without producing a
shadow effect. HRTEM studies show that the nanostructured layer is situated on the
crystalline substrate without any discontinuities and gaps.
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Figure 29. The procedure for manufacturing dental bridges using solid metal block milling technology; (a) a dental
impression which is then scanned directly from the impression spoon; (b) the verification of the parallelism of the pillars;
(c) the finished foundation design for transferring from CAD to CAM; (d) using the CNC milling center, the foundation
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In this context, biological research plays an important role. Many original studies
have been carried out [289,290], which indicate alloys’ favorable behavior with a titanium
and cobalt matrix. It concerns biocompatibility, toxicity, corrosion resistance, and tribology.
It is very advantageous to use surface layers that favor the growth of living cells, as shown
in Figure 32.
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Figure 32. Images of specimen surfaces (light microscope, fluorescent contrast); (a) control glassware; (b) Ti6Al4V alloy
without surface layer; (c) Ti6Al4V alloy with Al2O3 coating applied by the ALD method.

Nanostructured materials are increasingly used, or this group of materials is used in
biomedical materials and devices, e.g., as reinforcement of biomedical composite materials
or as elements of layers used in medical devices, shown in Figure 31. Sometimes this group
also includes inorganic substances and natural macromolecules (biopolymers), useful
for various medical devices, including prostheses, even if they do not meet the general
definition of engineering materials. It should be noted that the materials of this group can
often be used in veterinary medicine and animal husbandry. The requirements in such cases
are similar to those for medicine and dentistry, although the legal provisions regulating
these different application aspects are usually completely other. The most common types
of biomedical materials were engineering materials used in varieties requiring exceptional
purity due to their medicine or dentistry applications. Currently, many materials are
specially developed to a much greater extent, e.g., polymers, biopolymers, and various
inorganic substances dedicated exclusively to medical applications and not applicable in
other areas of materials science. Examples of the use of gutta-percha in dental endodontic
treatment are presented (Figure 33) [16,335,336].
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connected; (e) the border of three layers: a sealant layer covering the material on the gutta-percha matrix in a leak between 
a thick intermediate layer of sealant and the sealant with tightly connected dentine of the root canal after an incorrectly 
performed procedure; (c) atomic force microscope; (d,e)—scanning electron microscope. 

Another example of polymeric materials is the design and manufacture of surgical 
guides used in dentistry, shown in Figure 34 [337,338]. The template is made of light-cured 
polymeric materials using the SLA stereolithography technology. According to the own 
invention, a special type is a template containing the accessory enabling implants’ inser-
tion [339]. 

 
Figure 34. The procedure for making the template for implantation of six implants; (a) a 3-D model created based on CBCT; 
(b) planed the placement of implants; (c) the ready bone base model folded together with the intraoral model using an 
individual positioning plate; (d,e) two views of a model of the drill guide tubes; (f) the ready template plate using the 3-
DP SLA technology. 

Another example of polymeric materials is nanofibers obtained by electrospinning, 
especially long-absorbable composite nanofibers with a bioactive core and a bactericidal 
coating. Polymer nanofibers can find application in medicine provided that their potential 
toxicity is eliminated, starting with the materials used for obtaining solutions and taking 
into account a set of other factors [154]. In coaxial electrospinning (Figure 35a), moderately 
volatile solvents, such as a mixture of formic acid and hydrochloric acid of the rotary col-
lector, are used to prevent the tendency of nanofibers to stick together. Composite nano-
fibers of the core-shell type (Figure 35b), combining the antibacterial properties of the 
coating with the core’s bioactive properties, are an attractive material for a three-dimen-
sional tissue scaffold, porous implant-scaffolds, for an innovative generation of flexible 
composite materials for regenerative medicine. When silver nanoparticles are deposited 

Figure 33. Examples of endodontically treated tooth with root canal filled with gutta-percha material with AH Plus sealant
by the thermoplastic method: (a) longitudinal fracture of the tooth; (b,c) decalcified teeth; (c) root delta of the transverse
fracture of the canal dentin; (d) in all sections of the root canal the material based on gutta-percha and sealant is tightly
connected; (e) the border of three layers: a sealant layer covering the material on the gutta-percha matrix in a leak between
a thick intermediate layer of sealant and the sealant with tightly connected dentine of the root canal after an incorrectly
performed procedure; (c) atomic force microscope; (d,e)—scanning electron microscope.

Another example of polymeric materials is the design and manufacture of surgical
guides used in dentistry, shown in Figure 34 [337,338]. The template is made of light-
cured polymeric materials using the SLA stereolithography technology. According to the
own invention, a special type is a template containing the accessory enabling implants’
insertion [339].
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Figure 34. The procedure for making the template for implantation of six implants; (a) a 3-D model created based on CBCT;
(b) planed the placement of implants; (c) the ready bone base model folded together with the intraoral model using an
individual positioning plate; (d,e) two views of a model of the drill guide tubes; (f) the ready template plate using the 3-DP
SLA technology.

Another example of polymeric materials is nanofibers obtained by electrospinning,
especially long-absorbable composite nanofibers with a bioactive core and a bactericidal
coating. Polymer nanofibers can find application in medicine provided that their potential
toxicity is eliminated, starting with the materials used for obtaining solutions and taking
into account a set of other factors [154]. In coaxial electrospinning (Figure 35a), moderately
volatile solvents, such as a mixture of formic acid and hydrochloric acid of the rotary
collector, are used to prevent the tendency of nanofibers to stick together. Composite
nanofibers of the core-shell type (Figure 35b), combining the antibacterial properties of
the coating with the core’s bioactive properties, are an attractive material for a three-
dimensional tissue scaffold, porous implant-scaffolds, for an innovative generation of
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flexible composite materials for regenerative medicine. When silver nanoparticles are
deposited on nanofibers’ surface (Figure 35c), high bactericidal properties can be ensured.
Silver nitrate and AlphaSan are highly effective in combating Gram +, Gram- bacteria, and
fungi, and the high-molecular chitosan has no antibacterial and antifungal properties. Such
materials can also serve as a carrier for drugs and, in the form of soft mats, as dressings,
e.g., in the event of burns, or as cells’ carriers attached to the burned skin.
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In 1992, the development of regenerative medicine began, closely related to the sub-
ject of biomaterials and implantology, especially with the use of bionic medical implants 
[340]. Bionics is concerned with designing, manufacturing, and studying artificial engi-
neering systems that can restore lost functions of biological systems [341,342]. The replace-
ment of organs and tissues occurs by their replacement by autographs, allografts, or de-
vices made of various biomaterials [270]. Methods of treating patients or regenerating the 
body through cell-based therapies involving the replacement of diseased and old cells and 
tissues with young cells and gene therapy and tissue engineering methods are regenera-
tive medicine goals. It makes it possible to counteract the causes, symptoms, and sequelae 
of various diseases [343–346]. Development of biological materials for the reconstruction 
and improvement of the functions of tissues and/or organs and their substitution with the 
interdisciplinary use of the principles of natural sciences and engineering, mainly materi-
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In 1992, the development of regenerative medicine began, closely related to the subject
of biomaterials and implantology, especially with the use of bionic medical implants [340].
Bionics is concerned with designing, manufacturing, and studying artificial engineering
systems that can restore lost functions of biological systems [341,342]. The replacement
of organs and tissues occurs by their replacement by autographs, allografts, or devices
made of various biomaterials [270]. Methods of treating patients or regenerating the body
through cell-based therapies involving the replacement of diseased and old cells and tis-
sues with young cells and gene therapy and tissue engineering methods are regenerative
medicine goals. It makes it possible to counteract the causes, symptoms, and sequelae of
various diseases [343–346]. Development of biological materials for the reconstruction and
improvement of the functions of tissues and/or organs and their substitution with the inter-
disciplinary use of the principles of natural sciences and engineering, mainly materials, has
been the essence of tissue engineering since 1985, constituting a field of technical sciences
supporting regenerative medicine [347–352]. The history of the use of live cell therapy in
medicine dates back to the first successful allogeneic human hematopoietic stem cell (HSC)
transplantation in 1968 [353], and subsequent studies intensified in the last quarter of a
century [354–357] relating to, among other things, for cartilage and skin diseases. Adult
and embryonic multipotent and self-renewing stem cells (MSCs) [355,358,359] found in
umbilical cord blood [360,361], placenta [258], amniotic fluid [362], or the pulp of infant
milk teeth are used. Most preferably, to a limited extent, to use autologous cells [355,363]
not requiring immunosuppressive treatment [362,364–366].

Somatic, and especially hematopoietic stem cells (HSCs) and bone marrow stromal
cells (BMSCs) [355,367–369], and adult stem cells from synovial fluid, tendons, skeletal
muscles [369,370] and adult muscles, adipose tissue ASC can be used more commonly (fat
stem cells) [369,370], corneal stroma [361], peripheral blood, nerve tissue, and dermis can
transform into different tissue types. A prerequisite for cell implantation is preventing
ischemia and necrosis [371–376] from maintaining viability [377,378].

In addition to the so-called pure cell therapies consisting of direct injection of stem
cells into the peripheral circulation or specific tissues, stem cell carriers are often used
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for their transport, and scaffolds are most often used to group them in selected places
in the body [152,154,156,379–388]. A microscopic, porous structure of the scaffolds must
ensure diffusion of nutrients and metabolic products, enabling the formation of a three-
dimensional tissue structure simulating natural solutions [387,389] and ensuring proper
vascularization [390–393]. It is needed to develop the technology of producing materials
with the required pore structure and select engineering materials that provide the required
properties and biocompatibility.

This part of the paper indicates, through numerous examples from the authors’ own
clinical and manufacturing practice, how important the success of countless clinical pro-
cedures is the correct design of the concept of the medical devices, the biomaterials used
for their production manufacturing processes. Increasingly better quality of biomaterials
and engineering materials used in the production of numerous medical devices, ranging
from implants, through surgical tools, to hospital beds and rehabilitation equipment, is
an extremely important factor. Any research to improve the properties of biomaterials
and products derived from them serving improve patients’ health, relieve pain during
illness, and often allowing them to return to everyday life and ensure normal living and
working conditions are highly desirable. The engineering activities in bioengineering have
a fundamental impact on the level and quality of manufactured medical devices and the
fulfillment of the described expectations and requirements set by the Industry 4.0 stage.
Technological processes of manufacturing and processing biomaterials are extremely impor-
tant, including additive processes, electrospinning, and sophisticated surface engineering
methods, e.g., atomic layers deposition.

These aspects have an immediate effect on the expected high standard of living, good
health, and well-being when they require improvement through medical intervention. For
this reason, a lot of attention has been paid to these aspects in this part of the paper.

6. Economic Conditions for the Implementation of Various Groups of
Biomedical Materials

The above-mentioned technical achievements and the systematic increase of the
application areas are accompanied by the dynamic growth of the biomaterials market
and its value. The development trend of the biomaterials market has continued over the
last two decades and is expected to continue in the 2020s. The market is divided into
five main categories, depending on the type of products, technology of manufacture, and
type of medical condition, with regard to the eyes, ears, orthopedics, heart, and nervous
system, and brain. The market for dental implants and dentures is separate. Safe, reliable,
and inexpensive biomaterials include metals, ceramics, polymers, and naturally derived
biomaterials. So far, metal materials have had the largest share in the global biomaterials
market, with the rapidly growing share of polymeric biomaterials. It should be noted
that among the metal materials used as biomaterials, the use of austenitic steels resistant
to corrosion, popular in the previous decades of the 20th century, has virtually been
eliminated due to the identified allergic effect of nickel present in these steels and the
restrictive directives introduced by the European Union in this regard. Instead, their use of
titanium and magnesium and their alloys have increased significantly.

The value of the global biomaterials market in 2019 was estimated at USD 106.5 billion
in 2019, and it was estimated that in 2020–2027 compound annual growth rate, CAGR,
will amount to 15.97% (Table 3). The undoubted cause of such dynamic growth is, among
others, the increasing frequency of diseases of the musculoskeletal system and chronic
diseases of the skeletal system, as well as the very widespread prevalence of diseases of the
oral cavity. The structure of biomaterial applications is illustrated in Figure 36a. Figure 37
shows the dynamics of growth in this market’s value in the United Kingdom. It should be
noted that the markets related to biomaterials and other avant-garde material technologies
discussed here only partially overlap. Therefore, apart from analyzing the overall market,
it is worth paying attention to a few detailed ones.
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Table 3. The current value of various global biomaterial markets and the related forecast compound annual growth
rates CAGR.

Attribute Details

Type of Global Market Biomaterials Dental
Biomaterials

Orthopedic
Biomaterials

Tissue
Engineering

Regenerative
Medicine Cell Therapy

Unit USD billion USD million USD billion USD billion USD million USD billion

Base year for estimation 2020 2020 2018 2019 2016 2020

Market size value in
based year 121.1 7.983 11.96 9.9 5444 6.09

Forecast period 2020–2027 2019–2025 2019–2025 2020–2027 2017–2023 2020–2027

Growth Rate CAGR, % 15.97 7.41 10.3 14.2 32.2 5.4

Literature [394] [395] [396] [397] [398] [399]
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The increasing scale of oral diseases leads to toothlessness and, consequently, to
advanced implantology and dental prosthetics, which results in the forecast of an increase
in the value of the dental biomaterials market from USD 7983 billion in 2020 in the period
2019–2025 with a CAGR of 7.41%. The popularity of dental biomaterials is due to the
increasingly common problems with oral health and the population’s progressive aging.
It is not without significance that dental care has been privatized quite commonly and
in many countries. Therefore the range of expectations of many people in dental care is
increasing due to the growing wealth of many people. The dental biomaterials market
is divided into metal, ceramic, polymers, and natural materials. The latter segment is to
record the value of the incremental value in the string of means of payment. They will
impact nanotechnology’s latest achievements, leading, among other things, to the work of
dental autogenous bone grafts.
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The increased risk of osteoarthritis, osteoporosis, and other musculoskeletal disorders
that come with adulthood, the social scale of which is increasingly widespread due to the
growing geriatric population globally, is why the demand for orthopedic implants. It is
directly related to the increase in the orthopedic biomaterials market’s value from USD
11.96 billion with a CAGR of 10.3% (Table 3). The dynamics of the increase in the value of
this market are shown in Figure 37b.

The main market for orthopedic joint replacement implants is those used in knee
and hip replacement surgery (Figure 38), mainly aimed at alleviating patients’ pain and
restoring limb function. This global market reached over USD 16.5 billion in 2017, and its
CAGR has increased by more than 3% since 2013 [400] and is broken down by common
type for knee or hip replacement implantation. In the case of the knee replacement implant,
the CAGR was relatively higher, and in the historical period, it reached a CAGR of nearly
4%. The largest market for major orthopedic joint replacement implants in North America
with 54% of the world market, followed by Western Europe and the Asia-Pacific region,
with this region and South America expected to develop the fastest. It increase was justified
by the increase in the number of older people, the increase in the prevalence of obesity
and arthritis, and the increasing level of knowledge about the positive importance of joint
replacement surgery, taking into account the high cost of surgery and the relatively high
share of failure, as well as the significant development of novel conservative therapies
for arthritis.

However, significant advances in surgical techniques have been noted, e.g., the im-
plementation in 2015 of a robotic total hip arthroplasty system [401–419], which improves
the procedure’s accuracy and precision to four times greater than in the case of manual
implant placement. Increasingly, to increase the speed and efficiency of joint operations,
additive methods, the so-called 3D printing, manufacturing of implants [420–423] after
initial replication of components used in the process using patient’s X-rays or computed
tomography. Implants can be manufactured from solid and porous pieces fabricated in
the same element or product to provide patients with individual knee or hip replacement.
Metals and ceramics are the largest segment of orthopedic implants in the hips and knees,
respectively, although polymeric materials also play a role. The most common, however, is
a combination of cooperating elements in both types of these implants. By type of material
combination—the hip replacement implant market is broken down by material combina-
tion type into [400]: Metal on Polymer (MOP), Ceramic on Polymer (COP), Ceramic on
Ceramic (COC), Metal on Metal (MOM) and Ceramic on Metal (COM), although for the
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knee replacement implants these combinations are limited to MOP and COP only. The MOP
market is the largest for both ponds. There are three possibilities of fixing both implants’
types without cement, either cemented or hybrid with partial cementation. Cementless
fixation is more commonly used for hip implants, while for the knee joint, it is more widely
used for cement fixation.
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For hip replacement, the global market size was estimated at USD 7.13 billion in
2018, forecasting to grow to USD 10.51 billion in 2026 with a CAGR of 5.0% during the
forecast period [424]. It must be stated that the information provided in other reports is less
optimistic [424–427]. This market is divided into total hip implants, which had the largest
market share since 2018, and the revision hip. The growing demand for minimally invasive
surgeries and continuous technological advances favor the ever-increasing importance
of other types of partial femoral head replacement and hip resurfacing. Hip arthroplasty
surgery is an alternative to total hip replacement, allowing for alignment rather than a
complete replacement, increasing the market share of hip replacement implants. New
technologies and navigation systems are constantly being implemented to facilitate and
simplify surgical procedures. For example, in 2018, 3D total hip arthroplasty was performed
for the first time [428], and in 2019, an intelligent navigation application for hip surgery was
implemented [429,430]. In the hip joint replacement market, the share of MOP implants
is the largest because it is the most cost-effective, causes fewer complications than other
types of materials, and shows better tribological properties. MOM, on the other hand, is
widely used for total hip replacement and revision hip replacement surgery. However, too
frequent postoperative complications may cause a decline in interest in this type of implant
in the near term, unlike the COP market, which is expected to grow dynamically due to
the low complication rate postoperative and the lowest wear rate.

The global knee replacement implant market is projected to grow at a rate of 5.3%, from
USD 10.01 billion in 2019 to USD 15.33 billion in 2027 [431]. However, information on this in
other reports is ambiguous [431–434] and generally less optimistic. Knee arthroplasty, also
known as knee arthroplasty, alleviates pain and disability in patients with knee deformities
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in the face of an increase in the geriatric population, combined with an increase in obesity
and osteoporosis. Total knee prostheses had the highest share of around 75% in 2019,
but the percentage of partial knee replacement increases with a CAGR of 6.7% as only
the damaged part of the knee is replaced. A knee revision means the amount needs to
be replaced. The artificial material used in arthroplasty as a knee joint implant restores
the function of the knee. The United States is the largest market for these products due
to the use of technologies such as 3D printing, and the CAGR of this market is 5.0% in
the US. Total knee arthroplasty is performed in 75% of cases. In Germany, the CAGR
is 4.1%. Among the causes of these operations, the main reasons are osteoarthritis and
ligament rupture, road and sports accidents, and related injuries. Usually, the recovery
period after surgery takes six weeks. Still, efforts are being made to shorten the healing
period by introducing innovative devices and technologies, including the so-called 3D
printing increase in osteoarthritis incidence among adults. The high cost of implants
reduces the pace of market growth, which are favored by the popularization of minimally
invasive operations, the implementation of advanced technologies, and the improvement
of the materials’ strength properties from which the implants are made. Due to nickel
toxicity, stainless steel with an austenitic structure has completely lost its importance, while
the most commonly used metals for knee prostheses are Co-Cr alloys. Pure titanium is
biocompatible, as is its Ti6AI4V alloy, and is, therefore, the most desirable material in this
application.

Tissue engineering is an alternative to mechanical devices used to treat damaged
tissues, surgical reconstruction, and transplants. Cell therapies, mainly with stem cells, are
gaining more and more therapeutic importance in various clinical areas and the manage-
ment of numerous diseases, including cancer, diabetes, obesity, and other chronic diseases
caused by an aging population, lifestyle changes, and the growing number of, among other
things, as a result of traffic and sports accidents. With the use of stem cells, it is possible to
functionally revitalize an organ or its substitution by transplanting an artificial organ with
the help of cultured stem cells, such as in a pacemaker produced in this way. Technological
progress in this area is also associated with the automation of archiving and processing
stem cells, which is undoubtedly one of the key factors of tissue engineering progress.
The value of the global tissue engineering market in 2019 was USD 9.9 billion. It was also
estimated that in the years 2020–2027, the CAGR will amount to 14.2% (Table 3). Figure 36a
shows the geographical distribution of tissue engineering in important economic areas
in the world. Figure 37c gives an example of a very high estimated increase in tissue
engineering in China.

It has been estimated that the global regenerative medicine market is developing the
most intensively in terms of value in 2017–2023, which in 2016 reached USD 5.44 billion,
and the CAGR in 2017–2023 was estimated at an extremely high level of 32.2% (Table 3).
Figure 36c shows the role of regenerative medicine methods in the treatment of various
diseases. The increase in regenerative medicine in the United Kingdom is given as an
example (Figure 37d). In the regenerative medicine market, key players focused on new
products to treat cardiovascular diseases, diabetes, cancer, neurological disorders, and
regenerative drugs. Figure 39 shows the share of various materials, including synthetic,
genetically engineered, and pharmaceuticals and dynamic forecasted growth, and the
increased importance of biologically derived materials in 2016–2023, a strong development
determinant of regenerative medicine in general.



Processes 2021, 9, 865 44 of 65

Processes 2021, 9, x FOR PEER REVIEW 45 of 67 
 

 

products to treat cardiovascular diseases, diabetes, cancer, neurological disorders, and re-
generative drugs. Figure 39 shows the share of various materials, including synthetic, ge-
netically engineered, and pharmaceuticals and dynamic forecasted growth, and the in-
creased importance of biologically derived materials in 2016–2023, a strong development 
determinant of regenerative medicine in general. 

Advances in stem cell therapies such as the treatment of leukemia and blood diseases 
with hematogenic stem cells support regenerative medicine. The value of the cell therapy 
market in 2020 was USD 6.09 billion, and a CAGR of 5.4% is forecasted for 2020–2027 
(Table 3). Figure 37e shows an example of the cell therapy market’s growth in Japan, while 
Figure 36d shows cell therapies’ division into predominantly, slightly allogeneic, and au-
tologous. 

In light of changes in the world caused by the SARS-CoV-2 coronavirus pandemic, 
adjustments to the forecasts described above can be expected, which will not change the 
global markets’ general development trend. However, the high CAGR forecasts will de-
crease. Relevant reports in this regard will most likely be published, although the scale of 
the correction will be indicated by life and the passage of time. 

 
Figure 39. Scheme of forecasting the increase in the share of various groups of biomaterials used in regenerative medicine 
in the world in 2016–2023: (a) bar chart; (b) pie chart. 

This chapter analyzes in detail the expected growth of the biomaterials, both ortho-
pedic and dental markets in the coming years, and the expected growth of tissue engi-
neering, regenerative medicine, and related cell therapies markets. The compound annual 
growth rate CAGR of each of these markets is diversified, as the lowest CAGR is approx. 
5.5%, and the highest CAGR is approx. 32%. Most of the available forecasts were made 
before the SARS-CoV-2 pandemic broke out, so it can be expected that there will be fluc-
tuations in this range. However, they probably cannot be long-term, as people develop 
various diseases regardless of the pandemic. However, extraordinary demand for mate-
rials should be expected, including in part biomaterials needed to produce security 
measures to prevent droplet infection of coronavirus. As public awareness grows, mainly 
among doctors, the market for these products will systematically grow. As expected, the 
demand for these protection measures will linger on the market for the long term. It is 
obviously related to the systematic increase in the demand for appropriate biomaterials, 
which will be necessary to produce such means of protecting the epidemiological safety 
of doctors, which will have to be used long after the official end of the pandemic. This part 
of this paper is dedicated to the issues of economic forecasts. 

Figure 39. Scheme of forecasting the increase in the share of various groups of biomaterials used in regenerative medicine
in the world in 2016–2023: (a) bar chart; (b) pie chart.

Advances in stem cell therapies such as the treatment of leukemia and blood diseases
with hematogenic stem cells support regenerative medicine. The value of the cell therapy
market in 2020 was USD 6.09 billion, and a CAGR of 5.4% is forecasted for 2020–2027
(Table 3). Figure 37e shows an example of the cell therapy market’s growth in Japan,
while Figure 36d shows cell therapies’ division into predominantly, slightly allogeneic, and
autologous.

In light of changes in the world caused by the SARS-CoV-2 coronavirus pandemic,
adjustments to the forecasts described above can be expected, which will not change
the global markets’ general development trend. However, the high CAGR forecasts will
decrease. Relevant reports in this regard will most likely be published, although the scale
of the correction will be indicated by life and the passage of time.

This chapter analyzes in detail the expected growth of the biomaterials, both orthope-
dic and dental markets in the coming years, and the expected growth of tissue engineering,
regenerative medicine, and related cell therapies markets. The compound annual growth
rate CAGR of each of these markets is diversified, as the lowest CAGR is approx. 5.5%,
and the highest CAGR is approx. 32%. Most of the available forecasts were made before
the SARS-CoV-2 pandemic broke out, so it can be expected that there will be fluctuations
in this range. However, they probably cannot be long-term, as people develop various
diseases regardless of the pandemic. However, extraordinary demand for materials should
be expected, including in part biomaterials needed to produce security measures to prevent
droplet infection of coronavirus. As public awareness grows, mainly among doctors, the
market for these products will systematically grow. As expected, the demand for these
protection measures will linger on the market for the long term. It is obviously related to
the systematic increase in the demand for appropriate biomaterials, which will be necessary
to produce such means of protecting the epidemiological safety of doctors, which will have
to be used long after the official end of the pandemic. This part of this paper is dedicated
to the issues of economic forecasts.

7. Recapitulation and Final Remarks

Health has been a concern of humankind since the beginning. Figure 40 symbolically
illustrates medicine and dentistry’s progress as its specific part dealing with the oral cavity.
The dawn of medicine is depicted in an ancient votive relief ca 470–450 BC found in Thyrea,
Greece, now in the National Archeological Museum in Athens, Greece, showing Asclepius
with his sons Podalairius and Machaon and three daughters (Figure 40) [435,436]. In
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Greek mythology, Asclepius was the god of medical art, one of the heroes, as the son of
the god Apollo and the nymph Koronis, husband of Epione (Soothing Pain) and father
of Hygiea, Panacea, Iaso, Ajgle, Akeso, and the doctors Machaon, the internist and the
surgeon Podalejrios. He is credited with raising the dead with a herb torn from a snake’s
mouth. Hence the staff of Asclepius entwined with a serpent is a symbol of medicine
to this day. His Roman counterpart was Aesculapius. One of the first material pieces of
evidence of deliberate medical intervention is the tooth of the lower right third molar (RM3)
of the man from Villabruna, today in Italy, from the Late Upper Palaeolithic 14,000 years
ago [437]. Hippocrates born c. 460 BC on the island of Kos, and died around 375 BC, was a
Greek physician, nicknamed “the father of medicine”. He is credited with the authorship,
if not all. At least part of the extant work of the “Corpus Hippocraticum”, a collection of
about seventy medical writings from before the middle of the 4th century BC. collected
100 years after the death of Hippocrates. Originally was written in Ionic Greek. The
works of Hippocrates were first translated and printed in 1525 in Venice, Italy. Among
the numerous papyri with medical content found at Oxyrnchos, Egypt, papyrus 4970 was
found that testified to the use of the Hippocratic Oath in antiquity. A fragment of the
oath on the 3rd-century Papyrus Oxyrhynchus 2547 [438–440] in English translation begins
with the words: “I swear by Apollo Healer, by Asclepius, by Hygieia, by Panacea, and by
all the gods and goddesses, making them my witnesses, that I will carry out, according
to my ability and judgment, this oath and this indenture”. A fragment of the original
papyrus is shown in the picture. During the Renaissance in Italy, there was also an intense
interest in the human body structure and medical knowledge progress. It was then that
the first public postmortem examination took place in a purpose-built anatomical theatre
at the University of Bologna, Italy by Mondino de Luzzi in 1315. His book “Anathomia
corporis humani” written around 1316 [441], was the first in Europe since ancient times,
starting with Galen, Aristotle, and Hippocrates. The knowledge accumulated in it was
only verified over 200 years later in 1543 by a Flemish anatomist Andreas Vesalius in “De
Humani Corporis Fabrica” [442,443]. At the turn of the 15th and 16th centuries, Leonardo
Da Vinci became interested in anatomy through painting. The Renaissance celebrated the
beauty of the human body, and Da Vinci wanted to understand its structure, function,
and proportions and present it in his paintings as realistically as possible. From 1489,
he performed the first anatomical examinations. In 1506 he performed the first autopsy,
then examined over 30 corpses, and between 1510 and 1511, he prepared a series of
about 240 drawings known as the “Anatomical Manuscript” [444]. Da Vinci’s discoveries
may have revolutionized medicine, but unfortunately, he did not publish his notes, and
after his death, many drawings were lost and were not discovered until the 20th century.
This cartridge is symbolically represented by the famous drawing “Le proporzioni del
corpo umano secondo Vitruvio”, disseminated around 1490, created in pencil and ink
on paper [445,446]. The drawing shows a figure of a naked man in two superimposed
positions, inscribed in a circle and a square, and a text drawn up in the so-called mirror
writing. The last item in this figure is a copy of the Nobel Prize in Physiology or Medicine
2020 Diploma recently awarded to Prof. Michael Houghton of the University of Alberta in
Edmonton, Canada “for the discovery of Hepatitis C virus.” [447]. It symbolically closes
the multi-thousand-year achievements of medicine that invariably serves human health.

Health and well-being have now become one of the 17 sustainable development goals
set by the United Nations. It was included in the sphere of interests of many countries
and international organizations, including the European Union. Progress is determined by
the Human Development Index, significantly diversified in different countries, including
the life expectancy index, which varies depending on the country from slightly over 50
to 84 years from birth. Even in the Organization for Economic Co-operation and Devel-
opment OECD countries, the variation in different detailed indicators assessing health
and health care level may differ fifty-fold. The differentiation in access to health care
and the possibilities of prevention and treatment are much more varied. Due to many
factors, including the index of the number of doctors related to the population and the
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degree of saturation of health care facilities with medical devices and products, and the
level of technology supporting medicine. Despite such a long tradition and universal
concern for societies’ health and the great involvement of the intellect of many generations
of philosophers and doctors, an unambiguous definition of health and disease has not
been developed. It seems that the provision from the World Health Organization WHO
constitution intuitively corresponds to the expectations, saying that health is “a state of
complete physical, mental, and social well-being and not merely the absence of disease
or infirmity”. The COVID-19 pandemic, which significantly determines the organization
of health care and the access of individual people to medical services, has a huge impact
on societies’ general health conditions worldwide. It is important to ensure proper safety
for all people, especially doctors and medical staff, actively fighting the pandemic. It is
achieved by two mutually complementary strategies—passive STOP and active SPEC cre-
ated by authors, eliminating the threat at source, and the extensive worldwide vaccination
campaign against the pandemic effects of the SARS-CoV-2 coronavirus.
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The current level of medical procedures, including diagnostics, prevention, and sup-
portive convalescence procedures, requires an extremely significant share of medical de-
vices, including many that are temporarily or permanently installed or implanted into the
human body. Bioengineering, including medical, dental, and tissue engineering, combines
collaborative and interdisciplinary issues focused on integrative applications solutions of
the problems unanswered independently by engineering and physical/life science disci-
plines. Since this is an important area of engineering sciences, it is necessary to meet the
current stage of the technological revolution of Industry 4.0. By analogy to the idea of
Dentistry 4.0, the problem can be generalized to Bioengineering 4.0. It requires widespread
use in designing and manufacturing medical devices, modern achievements of comput-
erization, automation, robotization, and the use of all possibilities of computer-aided
engineering, transmission, collection, and security of cyber-physical systems, resulting
from the augmented holistic model Industry 4.0.

It should be noted that achieving such a high level in patients’ health care requires
constant cooperation between doctors and biomedical and dental engineers. A strong
imperative resulting from this cooperation is mutual respect for the moral principles
applicable to both these circles. The four basic ethical principles for doctors are inextricably
intertwined with the five moral principles for engineers. The obligation to assist patients
in treating their diseases requires using the latest technological achievements that can
serve this purpose. On the contrary, not keeping up with technological progress in this
area must be treated as an ethical tort. The use of various groups of medical devices
requires careful compliance with the applicable legal provisions, referred to as notified
body approval requirements. Only in a limited number of these devices is enough self-
assessment sufficient.

Any product’s manufacturing requires appropriate engineering design, currently
most often computer-aided, with proper engineering material and properly designed
technological processes. The manufacturing of medical devices most often involves the
use of biomedical materials, simply called biomaterials. Biomaterials are a wide group
of engineering materials, and less often also some natural ones, including metals, ceram-
ics, polymers, composites, and porous materials with the required biocompatibility and
harmony of interaction with living matter and the related prevention of the initiation of
toxicological and immunological reactions and effects of irritation of the living tissues of the
body. Depending on the expected functions and the medical device’s location in the human
body, including the implants or prosthetic restorations and the drug distribution systems,
biomaterials can be classified according to various criteria. Additive manufacturing plays a
special role in technological processes, as is illustrated in this paper by numerous examples
from clinical practice.

It should be noted that the use of these advanced technologies requires detailed
knowledge. It turns out that there are publications that prove that the technological
process is being carried out incorrectly. It mainly concerns the use of too low a laser or
electron beam density adequately and improper flow of protective gases. Such reasons
can cause even a 2.5-fold reduction in the strength properties of medical devices, e.g.,
implants. As a result, hardly any materials are obtained with better properties than those
manufactured conventionally, and on the contrary, these properties are even lowered below
an acceptable level. Such activities, causing the patient to be exposed to unforeseen and/or
premature wear of elements, e.g., implantable components manufactured inappropriately,
must be treated as an ethical tort, clearly incriminating the physician and the engineer
cooperating with him/her, unless a physician without proper engineering knowledge,
tried to manufacture such elements himself/herself, taking full responsibility. On the other
hand, appropriate technology brings great benefits to patients, consisting of simplifying
and shortening burdensome medical procedures, reducing pain sensations, and proper
extension of failure-free use of implanted medical and dental devices.
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The biomaterials market, both in orthopedic, dental, tissue engineering, regenerative
medicine, and related cell therapies, is systematically growing. Depending on the sector,
the compound annual growth rate CAGR in the next at least five years ranges from approx.
5.5 to approx. 32%, and for the total of biomaterials, is expected at the level of almost
16%. Certainly, the COVID-19 pandemic and the related decline in the economy in many
countries and local lockdowns will weaken the growth rate. Still, in turn, the need for new
safety measures resulting from the development of the pandemic and necessary to be used
long after its end will increase.

Each part of this paper ends with a set of thoughts that indicate the current state of
the considered aspects and trends and development prospects. Elements of the policy of a
long and healthy life were indicated in the context of the ethical aspects of doctors’ mission
and cooperating with them engineers. An important element is the dynamically growing
need to protect doctors and medical staff against the risk of SARS-CoV-2 coronavirus
infection, which tends to persist for many years to come. It is related to the growing
demand for biomaterials. Subsequently, the focus was on the relationship between the
development of biomaterials and the current stage of progress of Industry 4.0 of the
industrial revolution with the proposed general approach of Bioengineering 4.0. Numerous
examples of clinical applications of biomaterials and advanced technologies, such as
additive manufacturing, electrospinning, and atomic layer deposition, have been shown,
richly illustrated by the results of materiallographic research. Forecasts for the development
of global markets for biomaterials, regenerative medicine and tissue engineering were
analyzed. The technological processes of producing and processing biomedical materials
and the systematic increase in their global production are the determinants of implementing
a long and healthy life policy.

Summing up the considerations presented in this paper, it should be stated that the
implementation of the long and healthy life policy, declared by the United Nations and by
many countries, requires very intensive development of bioengineering under the rules of
the Industry 4.0 stage, which in turn is very dependent closely on the development of and
increasing the global production of biomaterials and technological processes development
of their production and processing.
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144. Dobrzański, L.A.; Achtelik-Franczak, A. Struktura i własności tytanowych szkieletowych materiałów mikroporowatych wyt-
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146. Dobrzański, L.A. Metale i ich stopy. In Open Access Library VII(2); Dobrzański, L.A., Ed.; International OCSCO World Press:
Gliwice, Poland, 2017; pp. 1–982.

https://www.theguardian.com/world/2020/nov/18/covid-19-vaccine-who-are-countries-prioritising-for-first-doses
https://www.theguardian.com/world/2020/nov/18/covid-19-vaccine-who-are-countries-prioritising-for-first-doses
https://ourworldindata.org/covid-vaccinations
https://ourworldindata.org/covid-vaccinations
http://doi.org/10.1089/apc.2018.0114
http://www.ncbi.nlm.nih.gov/pubmed/30277814
http://doi.org/10.1016/S2352-3018(16)30038-8
http://doi.org/10.1016/S0140-6736(08)60886-7
http://doi.org/10.1016/S0140-6736(96)11380-5
http://www.ncbi.nlm.nih.gov/pubmed/9722812
https://www.medonet.pl/koronawirus/to-musisz-wiedziec,wariant-covid-19-brytyjski--brazylijski-i-poludniowoafrykanski--co-warto-wiedziec-,artykul,88341446.html
https://www.medonet.pl/koronawirus/to-musisz-wiedziec,wariant-covid-19-brytyjski--brazylijski-i-poludniowoafrykanski--co-warto-wiedziec-,artykul,88341446.html
https://www.medonet.pl/koronawirus/to-musisz-wiedziec,wariant-covid-19-brytyjski--brazylijski-i-poludniowoafrykanski--co-warto-wiedziec-,artykul,88341446.html
https://bioe.uw.edu/wp-content/uploads/2013/05/bioengineering-vs-other-disciplines-alt1.png
https://bioe.uw.edu/wp-content/uploads/2013/05/bioengineering-vs-other-disciplines-alt1.png
http://doi.org/10.5772/intechopen.73094
http://doi.org/10.1520/MPC20200020
http://doi.org/10.3390/pr8050525
http://doi.org/10.5604/01.3001.0013.7932
http://doi.org/10.1520/MPC20190145
http://doi.org/10.5604/01.3001.0014.1481
http://doi.org/10.5604/01.3001.0014.1452
http://doi.org/10.3390/pr8060664
http://doi.org/10.1007/978-981-10-4819-7_26
http://doi.org/10.1515/amm-2015-0346
http://doi.org/10.1515/amm-2015-0260


Processes 2021, 9, 865 54 of 65
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selective laser melted Ti and Ti6Al4V materials for medical applications. In Powder Metallurgy—Fundamentals and Case Studies;
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331. Dobrzański, L.A.; Dobrzańska-Danikiewicz, A.D.; Malara, P.; Achtelik-Franczak, A.; Dobrzański, L.B.; Gaweł, T.G. Implanto-
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