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Preface

This book presents innovative solutions and strategies for tackling acute and chronic 
problems and conditions of the oro-dental and cranio-maxillo-facial complex and 
beyond. Moving and/or implementing bench-top research, development, and 
innovation (R&D&I) to market and/or clinical practice (i.e., translation) is a lengthy 
and tedious process, often requiring years. As such, this book addresses the field(s) 
of biomimetics, bio-design, and bio-inspiration, relatively new areas of science and 
R&D&I where researchers look to mimic (or rather emulate) aspects of nature to 
help solve human problems and presents biomimicry in a simplified and practical 
manner to the interested reader. Back in 1903, the Wright brothers (1867–1948) 
were inspired by the wings of eagles to create a powered airplane and succeeded in 
the first-ever human flight. Today, biomimicry can be considered the most advanced 
process of applying cellular and biological principles that underlie morphology, 
structures, and functionality of physiological entities to design and formulate or 
fabricate humanmade solutions for persistent challenges. Biomimetics - Bridging the 
Gap presents biomimicry processes as either problem- or solution-based. That is, 
either from design to bio or from bio to design, bridging the aforementioned “gap”; 
a paradigm shift, perhaps. Over the past decades, R&D&I scientists (in medicine, 
dentistry, pharmacy, engineering, aerospace, architecture, electronics, and optics, 
among other fields), found renewed attraction in wonders of nature, not limited 
to eagle wings, lotus leaves, spider’s silk and webs, fireflies, humpback whales, 
mother-of-pearl, lotus leaves, blue butterfly wings, Gecko’s feet, and so on, as design 
models to help formulate or engineer optimal therapeutic solutions and devices. 
Intriguingly, this interest found and established ground in contemporary chemistry 
and materials science as well as in R&D&I fields incorporating nanobiotechnology, 
drug delivery, cell and gene therapy, tissue engineering, regenerative medicine, 
and nano-dentistry. Evidently, biomimicry has been proposed to help understand 
the structural and functional (physico-chemico-mechanical) properties of various 
biological components like cytokines, proteins, amino acids, and phospholipids to 
help develop numerous innovative nanotechnologies as the basis for clinical solutions. 
Layer-by-layer self-assembled and carbohydrate-, protein-, or peptide-functionalized 
lipid- or metal-based nanoparticles and nanocapsules are fine examples. Briefly, the 
term “biomimetics” originated from the Greek “bios” (life) and “mimesis” (to imitate), 
where, from ancient times, and for the betterment of humankind and quality of life, 
it is well known to adapt ideas and inspirations from nature and the surrounding 
environmental natural phenomena and various creatures like birds, animals, plants, 
and insects. Today, don’t we also often tend to look for inspiration around us, or 
perhaps for useful information in a book, or in a famous quote or even through 
looking back to what some of the popular philosophers once thought and spoke? Yet, 
what about nature? Isn’t nature with us, here, every day and a vital element of almost 
every detail of our human life? So, what lessons can be learned … to live better? This 
book addresses questions such as: How does biomimicry differ from bio-design and 
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bio-inspiration? Further, can we really, still, practically transfer nature’s lessons, 
designs, and inspirations to technologies helpful or useful to humans? What is the 
original frame of reference?

These are the highlights of this book, taking the reader on a journey to the interesting 
world of biomimetics. This volume touches upon various technological themes 
to better understand how to mimic nature practically. It examines the design and 
characterization of natural and synthetic materials and the effect of biomimetic 
composites and coatings, 3D micro-architecture, and bio-stimulation for tissue 
engineering and regenerative medicine. It includes a chapter on bio-inspired tissular 
engineering for regenerative oral, dental, and maxilla-facial solutions, with a special 
focus on methodologies and processes to guide the design of new ideas and creation of 
novel materials, functions, devices, and therapies. Another chapter tackles the issue 
of biomimetics for health care, highlighting some of the most relevant, impactful, 
and recent innovations inspired by nature. Other chapters cover a wide spectrum of 
topics, such as the different aspects of the development of composites for bone tissue 
engineering, 3D scaffolds, and hydroxyapatite coatings with enhanced performance 
and bioactivity, including investigations and discussions of material surface–cell 
interactions and visco-elastic mechanical equivalent models. Additionally, there is a 
chapter on bio-simulation for inducting, via non-ionizing electromagnetic radiation, 
forced resonance mechanical oscillations into virus particles as a potential anti-viral 
modality.

This book includes four sections on various perspectives of biomimicry in medi-
cine, dentistry, pharmacy, and materials engineering. Section 1, “Introduction to 
Biomimicry”, provides an overview of biomimicry, from its historical basis to modern 
and contemporary practice. In other words, describing the journey from the drawing 
pad/notebook to laboratory bench-top to clinical bedside. The section begins with a 
chapter discussing bio-inspired tissular engineering strategies for regenerative oral, 
dental, and cranio-maxilla-facial clinical solutions, with subsequent chapters discuss-
ing the role and potential impact of biomimicry and bio-inspired innovations on our 
health, wellbeing, longevity, and quality of life. Throughout, the section presents 
methodologies and processes to aid in the bio-design of novel ideas and formulation 
of innovative materials, functions, devices, and therapies.

Section 2, “Biomimetic Tissue Engineering”, dives into the design and processing 
details pertinent to biomaterials, where the design and characterization of natural 
and synthetic soft polymeric materials with biomimetic 3D microarchitecture for 
tissue engineering and medical applications are discussed. Then, details of novel 
biomaterial composites and hybrids for bone tissue engineering and osteogenesis are 
provided. Accordingly, it can be stated that bio-design is used in the design of artificial 
devices, structures, and systems in the field of bioengineering. A R&D&I sub-field 
that takes nature as an example and aims to make sustainable, safe, stable, functional, 
and durable end products. Contemplating the recent trends, the chapter includes a 
discussion of recent examples to raise awareness of bio-inspired and bioengineered 
materials.

Section 3, “Biomimetics at the Nanoscale,” presents various aspects of the design, 
characterization, evaluation, and application of biomimetic polymers, composites, 

XVI
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and coatings. A chapter is dedicated to assessing the incorporation or addition of 
fluorapatite into hydroxy-apatite coatings of prosthetics. It also discusses implementa-
tion pre-clinically. Another chapter presents the bio-simulation of inducting forced 
resonance mechanical oscillations (acoustic-mechanical oscillations) to virus particles 
by illumination using non-ionizing electromagnetic radiation. The author assumes 
that the viral particle is spherical in shape and then studies and analyzes the microwave 
signals (achieving maximal energy transfer from the microwave radiation to acoustic 
oscillations to the particle) theoretically and discusses the prospects of the work as a 
liable anti-virus modality. Indeed, the author suggests that this technique is feasible 
to compete with virus epidemics, either for the sterilization of spaces or for future 
therapeutic applications. 

Section 4, “Biomimetic Mechanicobiology”, deals with the behavior of biomaterials 
and investigates the strain (induced) associated with the applied stress to understand 
both creep and stress relaxation behavior of loaded polymeric components. Herein, 
via establishing the so-called mechanical equivalent models from the simple elastic 
element (spring with a modulus of elasticity E), simple viscous element (damper or 
dashpot with fluid viscosity η) to the Maxwell model, Voigt model, modified Maxwell 
model, modified Voigt model, and Maxwell–Voigt model, the induced strain allied 
with the applied force on a polymeric material is investigated and carefully discussed.

This book also proposes new examples and theoretical models for biomimetic systems 
and presents various applications of biomimetic materials, strategies, and solutions. 
Biomimetics - Bridging the Gap is aimed at the researcher (engineer, physicist, chemist, 
and biologist) interested in bio-design, bio-inspiration, bio-mineralization, biochem-
istry, bio-kinetics, and biomimetic solutions. It is also relevant to pharmacists, doctors, 
dentists, and surgeons.

“Biomimicry is innovation inspired by nature  …  is  …  the conscious emulation of 
life’s genius.”

– Janine M. Benyus; author who coined the term “biomimicry”.

Dr. Ziyad S. Haidar, DDS, Cert Implantol, MSc OMFS,  
FRCS (C), FICD, FICS, MBA, Ph.D.

Professor,
BioMAT’X (HAiDAR R&D&I/I+D+i LAB),

Centro de Investigación e Innovación Biomédica (CiiB),
Faculties of Dentistry and Medicine (Cross-Appointment),

Universidad de los Andes,
Las Condes, Santiago de Chile
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Chapter 1

Introductory Chapter: bioMimetics 
for HealthCare – Innovations 
Inspired by Nature
Ziyad S. Haidar

1. Introduction

This chapter collectively aims to imitate the biological processes or systems in which 
nature solves problems or tackles tasks, using our world as a source of inspiration and as 
a guide in the design and development of new biomaterials and solutions—innovations.

Therefore, biomimicry is a fusion of approaches requiring the detection, percep-
tion, observance, identification, and detailed study of systems and organisms within 
nature, in order to use as bio-inspired models (basis) for novel scientific, technical, 
and technological solutions, suitable for interventional application in dentistry and 
medicine, including tissue bio-engineering. Such a journey also invites elucidating the 
underlying mechanisms and relationships between the structure and function of the 
stimulating natural system(s) for applied and/or translational biomimesis, biomim-
icry or biomimetics, to us humans, whether as sole individuals or in groups and when 
healthy end-users/-consumers or patients needing therapies [1].
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Since Janine Benyus published her dominant book in 1997 [2], it can be stated that 
biomimicry has experienced the swift rise in the attention we have been witnessing. 
She outlined three essential or fundamental components for sustainable biomimicry—
active study of natural systems as source (unlimited supply) of inspiration for new bio-solu-
tions: (1) nature as model; (2) nature as measure; and (3) nature as mentor. Biomimicry 
can thus be depicted as an art form based on science, accord, and purpose.

It can also be stated, today, that in R&D&I (research, development, and innova-
tion), the biomimicry or bio-inspired approach (mindset or point-of-view) has thus 
far contributed to how an investigation is conducted by pointing (directing or guid-
ing) the way towards a more sustainable practice and future. It is noteworthy perhaps 
herein that biomimetics is not sufficient by itself to translate its inspiration and 
lessons from nature to operational devices, solutions, or technologies. Hence, does not 
replace disciplines and specialties such as medicine and dentistry. Rather, biomimet-
ics and biomedical engineering, for instance, need to interplay alongside chemistry, 
biology, and physics, among other scientific fields, to lead to real applications that 
impact and benefit human-kind and our patients: a symbiotic relationship similar to 
the co-existence and harmony of/between humans and nature. If, and when realized, 
biomimesis and its products can manipulate the WORLD [3–5].

2. Medical bioMimicry market: market size, present trends and forecasts

According to the most recent 130-page study by Global Market Insights Inc. 
(August of 2021 [6]), a global market research and consultancy service headquartered 
in Selbyville Delaware-USA, the medical biomimetics market size is anticipated to 
record a valuation of USD$ 53 billion by 2027, driven by the boost in adoption of new 
techniques by the industry players for the provision of advanced devices to end-users. 
This increase or expansion is despite the losses incurred by the COVID-19 pandemic. 
The report provides penetrative insights presented to aid in strategic decision-
making, highlighting the major trends that are likely to transform the medical bio-
mimetics market landscape in the coming years, mainly attributed to the increasing 
burden of numerous healthcare challenges requiring novel solutions. Amongst those, 
Tissue Engineering and Regenerative Medicine (as a segment) is anticipated to grow at a 
startling CAGR of 7.5% between the period 2021 and 2027. Furthermore, the medical 
biomimetics industry is anticipated to continue its growth worldwide, also due to lon-
gevity and the increasing senior or geriatric population, and the surging prevalence of 
neurological, cardiovascular, and orthopedic diseases.

Another is the Drug Delivery segment, exceeding USD$ 6.5 billion in 2020, of the 
medical biomimetics market, mainly attributed to the increased demand and growing 
adoption of 3-dimensional biomimicry-based models and nano-Carriers (including 
nanotechnology-scaled/enabled vaccine release) in controlled drug delivery systems.

In Dentistry, particularly, biomimetic products that aid in (a) battling against 
oro-dental biofilm formation and (b) treating tooth/teeth disorders (conservative 
and ultra-conservative dentistry for the prevention and treatment/restoration of 
intact natural dentition) from decays/caries, gingival and periodontal diseases, 
pulp conditions and trauma/fractures, to list a few, is, also projected to considerably 
grow from the accounted > USD$ 3.5 million (segment) of the medical biomimetics 
market, in 2020. Interestingly, the market study [6] reported on the significance 
and impact of the recent advancements in the field of nanotechnology, expanding in 
the healthcare sector, as the demonstrated dynamic biomimetic behavior rendered 
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feasible for exemplifying single cells at high output, concluding that such scientific, 
technical, and technological developments will open the door wider for nano-
biomimetics (novel material composites and pharmaceutics) boosting the Medical 
Market, in the future.

Prominent major players and competitors operating in the medical biomimetics 
market include Abbott, BioHorizons, Biomimetics Laboratories Inc., BioTomo Pty. 
Ltd., Avinent Implant System, Hstar Technologies corporation, and Veryan medical 
among others. Herein, collaborations, partnerships, and acquisitions are among the 
various business strategies recently visibly adopted to enhance the co-market share 

[6]. Finally, the clinical and regulatory requirements for approving the translation of 
biomimetic products continue to present a stringent hurdle and challenge to them.

3. Nature as R&D&I laboratory: examples of biomimetic HealthCare

Nature retains an unlimited imagination. Japan’s famous high-speed 240–320 
km/h Shinkansen bullet train [7] was inspired by the shape of the Kingfisher’s 
beak (Alcedinidae), a small to medium-sized brightly colored bird with long, 
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narrow-pointed, and dagger-like beak allowing to dive into the water without 
splashing to catch prey. Not only did this bio-inspiration help to reduce noise and 
eliminate tunnel booms, yet also allowed the train to travel 10% faster using 15% less 
electricity. A US-Canadian team (finalists for the European Inventor Award in 2018) 
innovated turbine blades with three-dimensional bumps [8] on their leading edges 
based on viewing the "bumpy" flippers (tubercles) of humpback whales (Megaptera 
novaeangliae). They discovered that this helped the 14–18 m long and ~40 metric 
ton fish reduce unwanted whirling masses of air (vortices), thereby reducing drag 
while simultaneously increasing lift. The team’s improved turbine aerodynamic 
performance can help wind farms generate up to 20% more power and increase 
airflow by up to 25% in industrial fans and blowers, whilst producing less noise by at 
least 2 decibels and requiring less maintenance (life-time of wind turbine increased 
by 25%). Henceforth, and given such competitive benefits (~20% better) to market 
leaders, their first licensed product is forecasted to be worth ~USD 10 billion in 2022.

In HealthCare, studies in biomedical technology, bioengineering, and dental 
biomaterials, for example, have already shown that our science and engineering 
cannot currently out-perform many of nature’s capabilities. The COVID-19 pandemic 
reminded us that we are constantly vulnerable to life-threatening invasions from 
bacterial species, many of which have existed on the planet billions of years before 
us. Biomimicry [9, 10], the study of the formation, structure, and function of bio-
logically produced substances and materials, mechanisms, and processes, as stated 
earlier, can help design, develop, formulate, fabricate and translate new biosolutions.

For example, Biomatrica [11], a subsidiary of Exact Sciences Corporation (follow-
ing acquisition in 2018 for USD$ 20 million), a Wisconsin-based molecular diag-
nostics and cancer screening company, to overcome the problem that many vaccines 
are lost due to breaks in refrigeration during shipping and treatment (a hurdle we 
all witnessed during the Coronavirus infectious disease or COVID-19 caused by 
the SARS-CoV-2 virus pandemic), adapted and incorporated into their product a 
process (ambient temperature storage reagents for DNA and RNA) inspired from 
the Tardigrade, a millimeter-long cousin of the arthropods. Briefly, these creatures 
employ a protective process called anhydrobiosis, which safeguards their DNA, RNA, 
and proteins until water revives them, even though they can dry out for up to 120 
years. Basically, the tardigrade releases trehalose, a simple sugar molecule and as the 
water leaves their cells, the trehalose replaces where the water once was, and the cell 
membrane releases the water and bonds to the sugar instead, hence, by doing this, the 
proteins stay in the same place that they would be when fully hydrated. The company 
used this bioinspiration to protect live vaccines so that they no longer need to be 
refrigerated. Such can be helpful for vaccinating vulnerable populations in tropical 
areas. SB 3000 [12] or Swedish Biomimetics 3000, a ground-breaking life science and 
pharmaceutical company headquartered in Copenhagen-Denmark, found inspiration 
in the defense mechanism of ground carnivorous Bombardier beetles (Carabidae) to 
develop a micro-mist spray technology with potential application in nebulizers (a 
type of breathing machine that lets you inhale medicated vapors), called μMIST, that 
has a lower carbon print/impact than aerosol sprays, as it does not require a propellant 
to work (spray highly-viscous formulations). Those beetles, when disturbed, repel 
attacking insects by ejecting a hot (near-boiling temperature) noxious chemical spray 
produced (via a chemical reaction between hydroquinone and hydrogen peroxide) 
in their abdomen (alongside a popping sound). At Kansai University in Osaka-Japan 
[13], a team of engineers found inspiration in mosquito bites, replicating their 
proboscis, to develop pain-free needles and injections, to replace the conventional 
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hypodermic steel needles, that despite being smooth, do penetrate deep and leave 
ample metal contact with skin tissue hence causing us pain. Studies revealed that 
mosquitos inject us by vibrating their proboscis to help the serrated sections of their 
maxillae ease down, with least sensation possible, through our skin. We do not feel 
the bite itself because this small-/close-contact mechanism reduces friction and in 
consequence, nerve stimulation, but feel discomfort afterward because the mosquitos 
inject bacteria that cause irritation and pain [13].

For bioprinting, a novel bio-ink incorporating Hyaluronic Acid (HA), a natural 
linear polysaccharide found in many tissues throughout the human body, was recently 
developed by Rutgers University in New Jersey and one of America's leading public 
research universities [14]. Herein, the HA bio-polymer, whose main function is to 
retain water to keep tissues well lubricated and moist, is also well known to play an 
important role in regulating cell differentiation, migration, angiogenesis, and inflam-
mation/immunological responses. Briefly, the bio-ink material is made of modified 
HA and polyethylene glycol to serve as the basic “ink cartridge” for the 3-D printing 
of different scaffolds (in a range of physico-chemico-mechanical/rheological and 
biological properties; personalized/customized design and manufacturing) that can 
be employed for growing, restoring and replacing the lost and/or defective human 
tissues, overcoming few of the main challenges in the field of 3-D bio-printing.

Inspired by squid [15], a mollusc cephalopod with an elongated soft body, large 
eyes, eight arms, tentacles, and more particularly the teeth present in ring forma-
tions inside suction cups on those tentacles, researchers Penn State University in 
Pennsylvania-USA, developed a self-assembled composite material with tunable 
electric properties for bio-engineering use. Herein, they noticed that the squid ring 
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teeth are made up of proteins that can combine (or assemble) in different ways to help 
the squid grip onto a surface or grasp prey. Also, if the teeth break, they can self-heal. 
The structure of the squid ring teeth proteins (tandem repeat proteins) helped inspire 
a solution to problems in creating mixtures (matrix-to-filler ratios, in tiny or small 
areas) with highly-tunable properties, suitable for improving electronic devices, such 
as diodes or regulators, as well as topologically-networked biomaterials to isotropi-
cally and anisotropically modulate the “electronic transport” in composites.

Biomimetic Dentistry (including regenerative dentistry) [16], on the other hand, 
is the art and science of clinically restoring damaged teeth and using materials that 
mimic the properties of natural teeth—in terms of strength, appearance, and func-
tion (main reference to adhesive materials in restorative dentistry). Indeed, according 
to the Academy of Biomimetic Dentistry [17], the biomimetic dentistry approach 
(and currently-available materials) can help dentists conserve as much of the tooth 
structure as possible, preserve tooth vitality and prevent unnecessary damage to root 
canals, restore teeth that would otherwise (traditionally) need an extraction, increase 
the bond strength of dental restorations by 400%, minimize shrinkage stress on the 
teeth, eliminate sensitivity/pain, and create long-lasting restorations that prevent 
complications often experienced with conventional approaches. 3-D printing might 
also be helpful for the next generation of bone grafts to clinically-create on-demand 
patient-specific scaffolds [18, 19]. Indeed, in the developing area of regenerative 
dentistry, the “bio-tooth” [20], perhaps is a fine biomimesis or biomimicry example, 
in pursuit. Herein, for a bio-engineered and fully-functional tooth, the synergistic 
employment of the accruing understanding of the underlying cellular and molecular 
biology into the creative (and patient-specific) design of oral, dental (and cranio-
maxillo-facial therapies) that ultimately aim to restore, repair, rejuvenate, replace 
and/or regenerate defected, damaged/injured or lost tissues is key. Collectively, 
alongside incorporating tissue engineering and regenerative nano-biomaterials would 
boost and expedite high-quality research to eventually realize it.

4. Conclusions

The examples illustrating biomimicry for health and in novel healthcare applications 
are plenty, and some will be explored within the chapters of this book, to further 
demonstrate the innovative form of biomimetic technology that imitates (or mimics) 
nature to improve human lives via creating desirable solutions. To re-emphasize, such 
a process requires the study of nature and natural phenomena, principles, and under-
lying mechanisms, to obtain bio-inspiration that may benefit various applied scien-
tific and technological disciplines. Smart/Intelligent nano-biomaterials for Tissue 
Engineering, Regenerative Medicine and Regenerative Dentistry is a fine example. 
It is also perhaps worth mentioning in this introductory chapter that biomimicry can 
go above and beyond the simplistic bio-inspiration and use of natural properties as 
the basis for innovation and translation of new products to the demanding market of 
end-users and patients. It can bridge the gap between the lab and the industry via the 
intra-disciplinary design and formulation of functional solutions combining knowl-
edge, methods, techniques, and advances in the fields of chemistry, biology, architec-
ture, engineering, medicine, pharmaceutics, and dentistry, alongside contributions 
from artificial intelligence, robotics, bio-informatics, and omics. Indeed, biomimesis, 
today, can be considered the leading scientifically-relevant paradigm for innovative 
design and the guide for advancing new methods and devices, for a higher scientific, 
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Chapter 2

Perspective Chapter: Biomimetics – 
Bio-Inspired Tissular Engineering 
for Regenerative Oral, Dental and 
Cranio-Maxillo-Facial Solutions
Ziyad S. Haidar

Abstract

This chapter introduces the scope of the book—bioMIMETICS can be described 
as an innovative form of technology that imitates (or mimics) nature in order to 
improve human lives via creating desirable solutions. It is the study of nature and 
natural phenomena, principles, and underlying mechanisms, to obtain bio-inspired 
that may benefit various applied scientific and technological disciplines. Smart/
Intelligent nano-bioMaterials for Tissue Engineering and Regenerative Medicine are 
a fine example. Yet, biomimicry can go above and beyond the simplistic inspiration 
and use of natural properties as the basis for innovation of new products. It bridges 
the gap between the lab and the industry, via the intra-disciplinary design and 
formulation of functional solutions combining knowledge, methods, techniques, 
and advances in the fields of chemistry, biology, architecture, engineering, medi-
cine, pharmaceutics, dentistry, and biomedical engineering. Three-Dimensional 
Printing, Hybrid nanoCoatings, and Stimuli-sensitive and -responsive Cell/Drug 
Delivery Systems, and Robotics are some of the topics covered in this new book. In 
this first chapter, a general overview of bio-inspired materials, technologies, and 
strategies, collectively known as “bioMiMETICS,” is presented to bridge the gap 
between the laboratory “bench-top” and translational application, particularly, the 
clinic or “bed-/chair-side,” with a focus on “REGENERATIVE DENTISTRY” and the 
“CRANIO-MAXILLO-FACIAL bio-COMPLEX.”

Keywords: biomimetics, dentistry, tissue engineering, regenerative medicine, surgery, 
bioprinting, scaffolds, hydrogels, nanotechnology, biomaterial innovation

1. Introduction

The Greek words “bios” and “mimesis”, for (life) and (to imitate), respectively, 
from the term “biomimetics,” hence, biomimicry, coined by Otto Schmitt, in 1957, can 
be now described as an innovative form of creative thinking, design, and technology 
that uses or imitates (or mimics) nature to improve human lives via creating desirable 
solutions and devices [1–3]. The paradigm idea of seeking inspiration from nature, 
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the center ground or concept for biomimetics, is and cannot be thought of as recent 
field of study, discovery, and impact. It can be stated, that in R&D&I (research, 
development, and innovation), the biomimicry or bio-inspired approach (mind-set 
or point-of-view) has thus far contributed to how investigation is conducted by point-
ing (directing or guiding) the way toward a more sustainable practice and future. It is 
noteworthy perhaps herein that biomimetics is not sufficient by itself to translate its 
inspiration and lessons from nature to operational devices, solutions, or technologies. 
Hence, does not replace disciplines and specialties such as medicine and dentistry. 
Rather, biomimetics and biomedical engineering, for instance, need to interplay, 
alongside chemistry, biology, and physics, among other scientific fields, to lead to real 
applications that impact and benefit humankind and our patients (Figure 1). A sym-
biotic relationship similar to the coexistence and harmony of/between humans and 
nature. If, and when realized, biomimetics and its novel products can manipulate the 
WORLD [1–7]. bioMIMICRY is an art form based on science, accord, and purpose.

Indeed, biomimetics perhaps corresponds to the consideration and comprehen-
sion (and inspiration by) of surrounding natural structures and functions, herein, of 
cellular and biological systems, alongside the conforming translation of the observed 
operative or operational principles as fundamental models for the creative design and 
development of novel technical systems with further enhanced properties [8]. Natural 

Figure 1. 
Inter-/Intra-/Multi-Disciplinary interplay for bioMIMETIC Health Care.
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structural features have played a role in the evolution and enhancement of specific 
intrinsic material properties, later, providing ground for numerous technical appli-
cations and tools in architectural design and construction, advanced biomaterials, 
medicine and robotics, surface engineering and bio-coatings of medical and dental 
implants, to list a few examples [8–10]. Such, when supplemented with the accru-
ing study of cellular (+ mesenchymal stem/stromal cell) behavior, interactions and 
communications alongside cell signaling and creating a controlled or adequate cell 
environment, tissue engineering, and regenerative medicine advances [1, 2, 9–12].

In this first introductory chapter to the book, a general overview of bio-inspired 
and biomimetic materials, technologies, methods, and strategies is presented to 
bridge the gap between the laboratory “bench-top” and translational application, par-
ticularly, the clinic or “bed-/chair-side,” with a focus on DENTISTRY, in general, and 
the sub-specialty areas of Oro-Dental, Cranial, and Maxillo-Facial bio-Engineering.

Hwang et al. in 2015 [8] mentioned that biomimetics has a long history extending 
from knives and axes inspired by the dental structures of currently extinct animals 
to today’s strongest cutting-edge Carbon nanoMaterials employed in bioEngineer-
ing, passing through Leonardo da Vinci’s “flying machine” inspired by a bird and the 
Wright brothers’ powered airplane and the first successful human flight, back in 1903 
[4, 5]. Hence, it has been noted, suggested, and/or suspected that biomimicry might 

Figure 2. 
bioMIMETICs date back to > 2500 years ago with carved OX-bone teeth.
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actually date back to more than 2500 years ago, when artificial teeth were carved 
from the bones of oxen (ox or bullock), as the first attempt to replace body parts [8]. 
INSPIRING! Indeed, the substitution of natural materials by artificial biomateri-
als that mimic natural (original) tissue and tissular structure and function is yet 
another biomimetic approach; in fact, it is more prominent in tissue engineering 
and regenerative medicine. The idea of dental Dentin/Pulp renewal is a fine example 
(Figure 2) [13].

2. Fibonacci’s sequence, ratio, and THE GOLDEN SPIRAL in bioMIMICRY

In 1997, the book “Biomimicry” by Janine M Benyus was published [14], suggest-
ing (and even emphasizing) that biomimicry, via absorbing lessons from nature  
(as the groundwork for products rather than just a source for raw materials), is 
leading the path toward a new era of technological development. Indeed, biomimetic 
technologies arise from an inter-/intra-disciplinary flow of ideas, benefiting from 
the millions of years of creative design effort achieved by natural selection in living 
systems. Benyus, in 2002 (eBook in 2009) published a new book on how innovations 
inspired by nature are rapidly transforming the life on earth (Figure 3) [15].

Hence, for a practical, convenient, operational, and/or translational (and profit-
able) bio-inspired design or innovation (reaching the end-user: consumer or patient 
for example), the biologically inspiring natural system or organism is to be studied 
and understood, rather than simply copying, fusing, or mimicking the creative design 

Figure 3. 
bioMIMICRY SPIRAL: IDEA to MARKET, following the “Golden Ratio.”
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by itself [8, 14, 15]. In a study on how rabbits reproduce, a thirteenth-century Italian 
mathematician Leonardo Bonacci (later known as Leonardo Fibonacci) was the first 
to write (Liber Abaci, published in 1202) about the sequence found in nature and in 
the world around us, later referred to as the Fibonacci Sequence [16–18]. Basically, 
the sequence begins with 0 and 1, then continues with the sum of the two preceding 
numbers: 0, 1, 1, 2, 3, 5, 8, 13, 21, 34, 55, 89, 144, 233, 377, 610, 987, 1597, 2584, 4181, 
and so on (the sequence follows the golden rule that each number is equal to the sum 
of the preceding two numbers; i.e., each number is approximately 1.618 times greater 
than the preceding number), leading to calculating/applying (hidden inside the 
sequence) the golden ratio (phi = φ) and employing the golden spiral (a logarithmic 
spiral with a shape that is infinitely repeated when magnified, via A using quarter-cir-
cle arcs inscribed in squares generated from the Fibonacci sequence) in ordering and 
quantifications (and DATA-bases) [14]. To simplify further, φ is defined as the ratio of 
a rectangle with dimensions A x B where the ratio A/B is equal to (A + B)/A; regarded 
by many artists as the perfect proportion for a canvas. Fibonacci explained that these 
numbers are at the heart of how things grow in the natural world (Figure 4).

Nature uses what it has grown so far to make the next move. It also helps describe 
predictable patterns on everything, from atoms and sub-atomics to huge stars in the 
sky [8, 14–16]. Interestingly, the ratio of the total number of chapters in the Quran 
(114), which represents the physical design of the Quran divided by the Quran 
Constant (70.44911244), which represents the mathematical design of the Qur’an 

Figure 4. 
Distinctives of bioMIMETICs and utility in Tissue/Organ bioEngineering.
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(Koran) gives 1.6181893; it is amazingly equal to the golden ratio φ [19]. Nature uses 
this ratio to maintain balance, and the financial markets, for example, seem to do so 
as well. Fibonacci earlier explained how these numbers keep track of the population 
growth of rabbits. If a pair of rabbits take a month to mature before it can give birth to 
a new pair of rabbits, how many pairs of rabbits will there be each month? The answer 
is in the Fibonacci sequence [8, 14–16, 20]. Biomimicry is all about deep patterns and 
emulating the genius of genius to create conditions conducive to our Life; a more 
sustainable future. Velcro®, concentrated solar arrays and bioWAVE tidal energy 
are fine examples of implementing the Fibonacci Sequence, Ratio, and Spiral used 
to mimic the structural form and design functions of selected natural organisms for 
Innovative Design and re-Design [20]. Remember that nature-inspired design goes 
beyond structural, functional, or aesthetic similarities, and delves into the physico-
chemico-mechanical and biological features of natural systems. Herein, for bio- or 
nature-inspired chemical, biological, medical, dental, and/or bioengineering, dif-
ferentiating between (i) nature-inspired (or bio-inspired), (ii) nature-mimicking 

Figure 5. 
Jeffrey Karp’s bio-medical adhesive patch developed at Harvard Medical School and Brigham and Women’s 
Hospital, where he is a bio-Engineer and Professor.
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(or bio-morphism), or (iii) nature-integrated (or bio-integration) design, is perhaps 
critical. Perera and Coppens [21] recently examined those distinctive approaches, 
through illustrative examples, employed to deduce or outline a systematic methodol-
ogy useful for translating innovative solutions, from the laboratory (bench-top) to 
market (bed-/-chair side/end-user); concept of “nature-inspired chemical engineering” 
[21]. Figure 5 demonstrates a micro-needle/medical adhesive patch device inspired by 
an electron micrograph of a spiny-headed worm (Pomphorhynchus laevis) that lives in 
fish by swelling the tip of its proboscis to anchor/latches itself to the flesh once inside 
the gut [22].

The creative adhesive device consists of a sheet of micro-needles whose tips 
swell upon contact with water, with potential applications in localized and targeted 
drug delivery and skin grafting (including burn wounds) among other possibilities. 
Combining polystyrene and polyacrylic acid, the adhesive micro-needles would 
replace traditional staples or sutures during plastic and reconstructive surgeries via 
providing multiple points of contact and adherence (universal soft tissue adhesion 
with minimal damage), thereby shortening the operative/surgical time [22]. Further, 
the patch can deliver antimicrobial or anti-inflammatory drugs directly to the skin 
graft sites while holding them together, in situ, thereby reducing the risk of infection 
and accelerating healing time for patients.

3. bioMIMETIC/bio-INSPIRED devices, fibers, robotics, and art designs

For this introductory chapter, other illustrative examples were compiled in an 
attempt to provide the reader with a different view on recent biomimetic innovations.

At Delft University of Technology (TU Delft) located in the Netherlands, 
researchers searched bio-inspiration to apply in designing novel surgical instruments 
and to improve how surgical techniques and procedures are performed [23]. A main 
driver was on finding a way to make rigid tools more naturally flexible steerable, 
yet without damaging nearby tissues (minimally-invasive), for use in knee arthros-
copies, for example. Herein, creative mechanical engineering, inspired by snakes 
(Figure 6A) and their elasticity, helped develop such an arthroscopy tool that has 
a snake-like tip capable of bending, tentacle-like, yet in direct response to the hand 
movements of the operator/surgeon; a potential invention for robotic applications 
[23]. Figure 6B displays a stealth (infrared or IR) porous fibrous fabric (textile woven 
composed of aligned biomimetic fibers) inspired by the Polar bears and mimics the 
structure of their hairs [24]. Briefly, The Zhejiang University (ZJU China) researchers 
found that Polar hairs have a sponge-like hollow network core, which reflects back 
IR emissions from the animal body and helps prevent heat loss and thereby keeps 
the bears warm in their Arctic environments. Therefore, using fibroin (a protein in 
silk) and chitosan (from chitin) solution alongside a novel freeze-spinning method 
(developed for scale-up or large-scale production), they were able to continuously 
fabricate aligned, porous (87% porosity) micro-structured fibers (~200 μm wide) 
that are strong/sturdy, yet wearable and breathable, and highly thermally insulating, 
with capacity for active electro-heating if/when doped with Carbon nano-tubes, and 
application extending for commercial/personal insulation to military light-weight 
thermal management [24].

In 2022, a novel modular biomimetic live working robot was designed and devel-
oped [25], inspired by the motion of inch-worms (which have two rows of legs on 
head and tail to latch, stick, or suck onto objects for bodily support), for use in the 
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power distribution line, is depicted in Figure 6C. Basically, the 3-D rendered robotic 
system is intended to climb up the pole and complete the live working on power 
distribution lines, instead of the human operator, as a safer and more effective way 
to improve the reliability of power supply, especially in difficult or challenging areas 
such as mountains, as an alternative to traditional aerial lifts. The single-body robotic 
system (weighing less than 25 kg) demonstrated flexibility and rapidity in pole climb-
ing via its modular design, thereby facilitating different configuration combinations 
in order to achieve different movement and performance requirements [25].

Finally, although unrelated to medicine or dentistry, Figure 6D displays a beauti-
ful example, one of countless around the World, of biomimicry in Architecture and 
construction; Norman Foster’s iconic Skyscraper (of sustainable, high-tech and 
post-modern/neo-futurism architecture), also referred to as The Gherkin, in London's 

Figure 6. 
Illustrating bioMIMICRY in different fields of innovation and socioeconomic impact. A. Surgical Tool inspired by 
Snakes and their flexible bio-mechanical movement, by TU Delft. B. Stealth and Heat-insulating Textiles inspired 
by the hairs of Polar Bears. C. Robotic Climbing System for Power Distribution Lines inspired by the Inch-Worm 
and how it moves and latches to surfaces. D. Architectural construction inspired by the shape and lattice structure 
of the Euplectella aspergillum.
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primary financial district. The building, completed in December of 2003 and opened 
in April of 2004, mimics the shape and lattice structure of the Venus Flower Basket 
Sponge (Euplectella aspergillum); a marine glass sponge in the phylum Porifera found in 
the deep waters of the Pacific Ocean (at depths ≤ 500 m). If interested in architectural 
design, check also the Institute du Monde Arabe in Paris, France, which mimics in its 
structure and façade the iris of the human eye. Irresistible to include architectural art 
and creative biomimetic design herein, to further emphasize that the idea of mimick-
ing nature in man-made inventions is not new, and biomimetics is not solely (or limited 
to) the chemical, biological and/or medical. Furthermore, it is perhaps worth mention-
ing herein that the previously discussed golden ratio or Φ is also considered as one of 
the oldest rules in architecture, for example, in how transfer the weight of a massive 
building to its foundation. Indeed, the Fibonacci sequence has been used for centuries 
by man-kind for centuries, where architects leveraged Φ to create balance between the 
structural elements, as in the Pyramids of Giza in Egypt to the Parthenon Temple of 
goddess Athena on the Athenian Acropolis in Greece to the enormous Baalbeck Temple 
of the Phoenician sky god, Baal, in the Beqaa Valley of Lebanon. In essence, biomim-
icry can also be described as the learning and adapting processes from the wisdom of 
nature and its designs to then apply creatively and practically the inspired and acquired 
knowledge and sense to provide innovative and necessary solutions to help the humans 
and improve our World. In fact, biomimicry and biomimetics in health care can also 
be referred to or looked at as architectural medicine [26], emulating the time-tested pat-
terns and strategies of nature to create new products, processes (and policies)—new 
ways of sustainable living—to challenging problems well-adapted to life on Earth, 
long-term.

4.  bioMIMETICs advancing nano-bioMaterials, nanoTECHNOLOGY, 
and TISSUE ENGNEERING for bio-MEDICINE/-DENTISTRY and 
HEALTH

TISSUE ENGINEERING [27, 28], an inter-/multi-disciplinary approach, essen-
tially, seeks to create tissues with optimal performance for clinical applications. 
Various factors, including cells, biomaterials, cell or tissue culture conditions (cell-cell 
and cell-material interactions), and signaling cues or molecules such as cytokines and 
growth factors, play a vital role in the engineering of musculo-skeletal tissues. Herein, 
the in vivo micro-environment of cells imposes complex and specific stimuli on the 
cells and has a direct effect on cellular behavior, including proliferation, differentia-
tion, and extracellular matrix (ECM) assembly, as indicated earlier. Therefore, to 
create appropriate musculoskeletal tissues, the conditions of the natural environment 
around the cells should be well replicated, imitated, or mimicked [27–35]. Therefore, 
for engineering and creation closer to natural tissues in terms of appearance and 
function, researchers continue to attempt at developing biomimetic multifunctional 
scaffolds that can function better mechanically while producing the appropriate cellu-
lar responses in terms of cell signaling and cell adhesion. Indeed, in biomedical design, 
engineering principles are applied to medicine, dentistry, pharmacy, and cellular/
biological systems for the objective of designing and translating novel pharmaceutical, 
tissue engineering, and regenerative medicine applications, methods, techniques, for-
mulations, and tools for health care [28, 30–33]. This includes therapeutics as well as 
analysis and diagnostics; thereby innovating solutions to challenging health problems. 
Fundamentally, bioMIMICRY, through various methodologies as well as new ideas on 
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the creation of novel materials and functions, is how to mimic nature, as described 
previously. Nature has given us plenty of ideas on how to build composites and orga-
nized structure. In material and biomaterial science, the development of interfaces 
that integrate the functions of living cells and materials is key. Hence, the structure 
of a biomaterial influences cellular response(s) thereby determining the potential 
biomedical application(s). Modern nano-biomaterials, for example, are combinations 
of the unique properties offered by the organic and inorganic constituents of/from/
within a single material, on a nano-scale; nanocomposites [8, 10, 21, 28, 29].

NANOTECHNOLOGY [21, 28, 31–37], emerged from the physical,  chemical, 
biological, mechanical, and engineering sciences where novel formulation and char-
acterization techniques and methods are developed to probe, manipulate, control and 

Figure 7. 
Traditional versus bioMIMETIC and Ultra-Conservative Dentistry of today, with applications in dento-alveolar 
tissue restoration, replacement, and repair.
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monitor single atoms and molecules (and combinations thereof). A nanoparticle 
(10−9 m) can be simply defined as a small, minute or tiny object that behaves as a whole 
unit in terms of its properties, characteristics, transport, and functions. Herein, it 
is perhaps worth mentioning that, today, the art, science, and engineering of nano-
Systems are one of the most challenging and fastest-growing areas of nanotechnology, 
in general, and nano-biotechnology, in particular [28, 31, 32]. Why nano-scale and 
nanoparticles per se? Well, to simplify, as the size of the system decreases (from macro 
to micro to nano), a number of physical (amongst others) phenomena becomes more 
prominent and come into play. To rephrase further, an increase in the surface area to 
volume ratio leads to an enhancement of the behavior of atoms (more so on the surface 
of the nanoparticle rather than within/inside, herein), thus, altering the physical, 
chemical, mechanical, biological, optical, thermal, and catalytic properties of the 
whole material, or nano-System [28, 31, 32]. SPR (Surface Plasmon Resonance) and 
para-magnetism in metal-based magnetic nanoparticles, is a fine example. Anti-
microbial property of Copper- or Silver-based nanoparticles [28, 38] is another, with 
increasing interest for utility in surgery and dentistry, given the superior inhibitory 
effect (sensitive as well resistant isolates of bacteria) against several microorganisms, 
including Streptococcus mutans, one of the main causative bacteria for Dental Caries or 
Decay. An illustration of biomimetics in dentistry versus traditional dentistry and its 
contribution to ultra-conservatism in the therapeutic strategies is shown in Figure 7.

5. bioMIMETIC cranio-facial tissue engineering and nanoDENTISTRY

The mechanical behavior of the cranio-maxillo-facial skeleton under physiologi-
cal loads is among the least understood in the field of musculoskeletal bio-mechanics 
[38–40]. The musculoskeletal system contains a variety of supporting tissues, includ-
ing muscle, bone, ligament, cartilage, tendon, and meniscus, which support the shape 
and structure of the body. Whether due to trauma, injuries, cancer, and/or diseases, 
defected, damaged, or lost tissue needs repair or replacement with healthy tissue 
[38–42]. Depending on the type of damaged tissue (whether it be cartilage, bone, 
skeletal muscle, tendon, and/or ligament), an extensive range of natural and synthetic 
(and composites thereof) biomaterials are available and possible, alongside simple and/
or complex fabrication and formulation techniques, allowing to create a particular scaf-
fold (porous scaffolds, 3D printed scaffolds, in situ-forming gels, bio-ceramics, and/or 
bioactive glass, electro-spun nano-Fibers, hydroxyapatite/collagen, and/or injectable 
hydrogels, amongst others); with an essential role in the regeneration, restoration, 
reconstruction, and repair (or replacement) of the musculoskeletal system, bearing in 
mind its governing structural bio-mechanics [32, 33]. In regenerative medicine, several 
factors should be taken into account when designing a system for successful organ 
regeneration using tissue engineering principles, including: (i) resident or transplanted 
cells should differentiate into specific cell types within a biomimetic matrix; (ii) the 
biomimetic matrix should provide biological and mechanical support for cell growth 
and function; (iii) the biomimetic matrix should allow for growth factor/cytokine 
permeation and physiological signals/cues; and (iv) the biomimetic matrix should have 
high engraftment efficiency [28, 30–32, 38]. Hence, designing, developing, character-
izing, evaluating, and/or testing (then fine-tuning or optimizing) systems that encom-
pass all of the above ideal characteristics have proved challenging. For example, the most 
commonly used in vitro culture techniques, today, do not mimic all of the micro- and 
nano- environmental factors that direct cell  differentiation into a developing organ.
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NANOTECHNOLGY in medicine (reputed as nanoMedicine) or/and in dentistry 
(reputed as nanoDentistry) has opened new realms and provided novel solutions 
for such demanding characteristics, properties, and needs (to full the criteria for 
proper tissue engineering and regenerative medicine/dentistry) [43, 44]. Specifically, 
it has done so by developing desirable and superior materials to control the physi-
cal/structural, chemical, biological, and mechanical micro-environment, critical 
for, successful cell (gene- and drug-) delivery and tissue regeneration [28, 32–37]. 
Therefore, manipulating biomaterials to create material surfaces and structures with 
nano-scale features (nano-bioMaterials) not only can help mimic the native micro- 
and nano-environment of cells, but also can trigger (and direct or guide – control 
and modulate) select cell adhesion, growth, proliferation, and differentiation with/
without the use of drugs [28, 45–48]. Figure 8 depicts the role of natural polymers 
(polysaccharides) from different eco-sources in designing, formulating, and develop-
ing nano-bioMaterials for Tissue bioEngineering and Regenerative Medicine.

The generation of new organic/inorganic analogs [45–48] of Carbon-based 
nano-bioMaterials (including graphene) for stem-cell-based tissue engineering, 
using nano-fibrous scaffolds and hybrid hydrogels as carriers or matrices, is a fine 
example. Further, since bone is a nano-composite, by nature, containing nano-scale 
building blocks (mainly collagen fibrils and mineral hydroxyapatite plates), the use 
of biodegradable conductive nano-composites is attractive for orthopedic, cranio-
maxillo-facial and oro-dental applications [31, 35–37, 39–41, 44, 49, 50]. Therefore, 
many examples are found in literature where nano-bioMaterials allow for better hard, 
bone (and soft) tissue regeneration, providing a better surface and physicochemical 
properties for osteoblast attachment and long-term function. Better mechanical prop-
erties for certain load-bearing conditions in orthopaedic applications [31, 36, 39–41, 
44, 49, 50] as well as in oral and maxillofacial implantology (i.e., dental Titanium or 

Figure 8. 
Natural Polymer-based nanomedicine and nanoDENTISTRY. Natural Polysaccharides are abundant, 
biocompatible, biodegradable and have been incorporated, whether alone or in combination (in addition to 
other cells, genes, drugs, molecules, etc.) in carriers, matrices, scaffolds, and delivery systems for cell therapy, 
pharmaceutics, oncology, tissue engineering, and regenerative applications.
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Ti implants and Ti implant-retained dentures, also known as overdentures—for the 
edentate or completely edentulous patient) [51, 52] have been also feasible, herein.

To recap, scaffolds developed for tissue engineering and tissular regeneration, 
trying to mimic the natural extracellular matrix, require a good control of porosity, 
inter-connectivity between pores, and even the size of pores. The macro-, micro-, and 
nano-architecture of 3D scaffolds (for soft and hard tissue engineering, repair and 
regeneration) have a primordial relevance to replicate the structural complexity of living 
tissues. Today, hybrid systems considering multiple material mixtures and a combination 
of fabrication processes are fundamental to mimic the natural tissues by providing multi-
phasic or multi-material structures, accommodate growth factors and cells, and supply 
the signaling cues, vital to guide cell adhesion and proliferation [31, 35–37, 39–41, 44, 
49, 50]. Remember, depending on the nature of the target defective/damaged/lost tissue 
and the required mechanical, chemical, and biological properties, different biomateri-
als can be employed, either singly or in combination, or with other additive materials 
[31, 35–37, 39–41, 44, 49, 50]. Further, although bone, described above as a natural 
nano-composite, a connective tissue with the ability to heal/regenerate spontaneously, 
in several specific cases, such as critical-sized defects, it fails to do so. It is important to 
consider the mechanical conditions affecting bony regeneration and the influence of the 
surrounding environment [49, 53, 54]. The quality of the soft tissue covering the defect is 
detrimental, also [50, 54].

In craniofacial defects, for example, reconstructive surgeons collaborate with 
engineers to design and create, fabricate, or formulate complex 3D geometrically 
structured or printed scaffolds, for a more personalized (patient-specific) corrective 
approach, regardless of the size or anatomic location of the cranio-maxillo-facial 
defect [38, 50, 54]. The potential benefits of using a tissue engineering approach 
include reduced donor site morbidity, shortened operative time, decreased techni-
cal difficulty of the repair, and, most important, ability to closely mimic the in vivo 
micro-environment, to attempt recapitulating normal cranio-maxillo-facial develop-
ment [38, 50, 54–59]. Whether resulting from trauma, pathology, and/or osteone-
crosis, mechanically stable and space-maintaining scaffolds tailored to site-specific 
defects, should be osteogenic, osteoconductive, osteoinductive while promoting 
angiogenesis and vasculogenesis [56, 59, 60]. Herein, it is critical to achieve a balance 
between the engineering the physiological criteria, for more safe and efficacious 
devices, to prevent and overcome infection, wound dehiscence, pre-mature resorp-
tion, and/or graft/implant failure. As one of the three essential components of tissular 
regenerative engineering, biomimetic NANOTECHNOLOGY is shifting the paradigm 
of employable nano-bioMaterials and holds promise for the future generation of 
substitute tissue grafts, including 3D printed and hybrid scaffolds [60].

REGENERATIVE DENTISTRY [61, 62] approaches include the formation 
of new enamel, dentin, pulp, periodontal ligament, and alveolar bone after tooth 
damage due to genetic pathology, traumatic injuries, caries, and periodontal lesions. 
Recent progress in the fields of mesenchymal stem/stromal cell biology (including, 
oral- and dental-derived), tissue engineering, and nanotechnology is considerable 
and offers new concepts and promising opportunities to repair, restore, and/or 
replace damaged or missing oral and dental tissues; modern dental treatment strate-
gies and protocols. Likewise, scaffolds are key elements for the success of oro-dental 
tissue regeneration [12, 39, 61–63]. Indeed, in regenerative dentistry (dento-alveolar 
structures and tissues), emerging technologies such as bio-printing continue to 
be developed to solve some of the shortcomings of traditional tissue engineering 
approaches [56, 61]. For example, automated bio-printing facilitates the creation 
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of geometrical patient-specific scaffold designs and in parallel permits the precise 
placement of cells and biological molecules thereby producing a biological or bioac-
tive personalized scaffold [56, 61, 64, 65]. Yet, translation into a clinical product and 
our patients is still challenging, as the choice of a suitable material to encapsulate cells 
(and the other essential biological factors) in the development of the “bio-inks,” for 
instance, for ultimately or pertinently bio-printing the heterogeneous dento-alveolar 
tissues (such as the pulp-dentin complex and the periodontal ligament, surround-
ing the tooth and filling the space between the tooth and its socket in the alveolar 
bone), is intricate and still posing technical hurdles and economic constraints [61, 
64–67]. Yet, it is perhaps worth mentioning that R&D&I [60–69] on bio-printing 
dento-alveolar tissue, in particular, is still in the early stages, however, alongside 
accruing advancements in nano-science (novel sophisticated composites and fillers), 
tissue engineering techniques, biomimetic scaffolds (that also provide geometric cues 
for de novo tissue regeneration), stem/stromal cell-based therapeutics, autologous 
cell grafting, platelet concentrates (including platelet-rich fibrin), inkjet-based 3D 
printing (fabricated calcium phosphate or CaP scaffolds, for example), additive 
manufacturing (by extrusion: deformation + solidification, laser-assisted sintering 
or polymerization, for example), and rapid prototyping (for visual and informative 
models) , laser-scanning, computer-aided design and computer-aided manufacturing 
(that can manipulate 3D computed tomography images of bone, for example, virtu-
ally and in real-time) as well as in the available imaging and diagnostic techniques 
(that can verify and quantify the degree of mineralization and vascularization of 
the implanted scaffolds at the earliest stages of tissue regeneration), to list a few, the 
future, undoubtedly, brings new horizons and ample hope for innovative (and a new 
era of) oro-dental and cranio-maxillo-facial treatments, to all our patients and clinics.

6. Conclusions

BioMIMETICs is a research, development, and innovation field that is attaining 
growing interest and accruing prominence through an unprecedented flood of new 
discoveries and technologies in biology and creative engineering. From less than a 
hundred articles per year in the 1990s to several thousand studies and publications, 
annually, in the last decade, with impact “theoretical” across disciplines and diverse 
biomedical and bioengineering themes, including artificial intelligence, robotics, 
bioinformatics and omics. Biomimetics, today, is the leading scientifically-relevant 
paradigm for the innovative potential design and guiding the advancement of new 
methods and devices, for a high scientific, medical, and socio-economic impact, soon.

REGENERATIVE DENTISTRY employs the accruing understanding of cellular 
and molecular biology into the creative (and patient-specific) design of oral, dental, 
and cranio-maxillo-facial therapies that ultimately aim to restore, repair, rejuvenate, 
replace, and/or regenerate defected, damaged/injured or lost tissues. For the future 
of clinical and surgical dentistry, the grand challenge for bioMIMICRY incorporating 
and influencing (or inspiring) tissue engineering and regenerative nano-bioMaterials 
is to boost funding, expedite high-quality research, clinical translation, and 
education.

DRUG DELIVERY, in particular release-controlled and -targeted systems, of 
therapeutic agents (including cells, proteins, genes, anti-microbials, and so on), using 
bio-polymeric materials (such as, injectable and/or stimuli-responsive hydrogels and 
nano-Fibers whether electro-spun, 3D printed or produced through a combinatorial/
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Hybrid approach/methodology) and colloidal vesicles (such as, liposomes, solid lipid 
nanoparticles, core-shell nanocapsules, and micelles), have been introduced, yet, 
critical challenges still remain, as most of technologies are subpar and fail to reach 
clinical expectations. Novel pharmaco-kinetic approaches, inspired by nature, could 
perhaps provide alternative, superior, and safer dose-responsive, and targeted solu-
tions, for more precise and sustainable pharmaceutics.

Bio-TOOTH [70], the bio-Engineered and fully functional tooth explant from 
adult (embryonic-like) cells, as a replacement for the Ti-metal dental implant, 
although not yet realized, it is becoming more realistic, with the recent advances 
discussed in this chapter. Perhaps, to better understand on how to realize the bio-
tooth, someday, it is good to seek inspiration and clues from nature and the evolution 
studies on species, such as fish and reptiles, which continuously replace their teeth? 
BioMIMICRY may help.
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Chapter 3

Perspective Chapter: Design 
and Characterization of Natural 
and Synthetic Soft Polymeric 
Materials with Biomimetic 3D 
Microarchitecture for Tissue 
Engineering and Medical 
Applications
Ching-Cheng Huang and Masashi Shiotsuki

Abstract

Continuous work and developments in biomedical materials used in  
three-dimensional (3D) bioprinting have contributed to significant growth of 3D 
bioprinting applications in the production of personalized tissue-repairing mem-
brane, skin graft, prostheses, medication delivery system, and 3D tissue engineering 
and regenerative medicine scaffolds. The design of clinic products and devices focus 
on new natural and synthetic biomedical materials employed for therapeutic applica-
tions in different 3D bioprinting technologies. Design and characterization of natural 
and synthetic soft polymeric materials with biomimetic 3D microarchitecture were 
considered. The natural soft polymeric materials would focus on new design bioin-
spired membranes containing supercritical fluids-decellularized dermal scaffolds 
for 3D bioprinting potential applications. Synthetic soft polymeric materials would 
focus on bioinspired polyvinyl alcohol (b-PVA) matrix with structural foam-wall 
microarchitectures. Characterization, thermal stability, and cell morphology of the 
b-PVA and the corresponding collagen-modified b-PVA were employed to evaluate 
their potential tissue engineering applications. Also, the b-PVA materials were con-
ductive to HepG2 cells proliferation, migration, and expression, which might serve 
as a promising liver cell culture carrier to be used in the biological artificial liver 
reactor. TGA, DTG, DSC, SEM, and FTIR were employed to build up the effective 
system identification approach for biomimetic structure, stability, purity, and safety 
of target soft matrix.

Keywords: biomimetic, three-dimensional, microarchitecture, design-thinking, 
supercritical fluids
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1. Introduction

Bioprinting, a type of three-dimensional (3D) bioprinting, uses cells and other 
biological materials as “inks” to fabricate 3D biological structures. Bioprinted materi-
als have the potential to repair damaged organs, cells, and tissues in the human body. 
Skin, bone, and blood vessels may be bioprinted. Although a variety of tissue engi-
neering strategies combining cells and biomaterial scaffolds have been investigated 
for human tissues regeneration (e.g., using natural biomaterials and/or synthetic 
polymers [1]), the success of this approach still strongly depends on the development 
of more suitable scaffolds. In this sense, one of the main challenges is to accurately 
reproduce the complex 3D anatomy with personalized shape and size [2–4]. Efforts 
to address these issues have led to an increased interest in the application of three-
dimensional (3D) bioprinting in the tissue engineering field. 3D bioprinting is a 
biofabrication method that uses computer-aided design (CAD) and additive layer 
manufacturing technique to precisely deposit bioinks (basically comprising a mixture 
of biomaterials with cells, with or without bioactive molecules) in a predesigned 
manner to create 3D bioengineered living structures and to generate artificial tissue 
and organs [5, 6]. Using this novel printing technology, biomaterials were possible to 
fabricate a patient-specific scaffold reproducing individual shape, size, and mac-
rostructure of the native tissue [7, 8]. An implant’s effectiveness depends upon the 
form of biomaterial used in its manufacture. A suitable material for implants should 
be biocompatible, sterile, mechanically stable, and simple to shape [9]. 3D printing 
technologies have been breaking new ground in the medical industries in order to 
build patient-specific devices embedded in bioactive drugs, cells, and proteins. 3D 
printing was a non-exclusive concept that defines various techniques for layer-by-
layer construction. 3D bioprinting has progressed the method of printing standard 
biocompatible materials and even actual cells into difficult 3D dimensional tissue 
buildings [10], with the ability to create ideal tissues and organs appropriate for 
different biomedical uses, such as organ transplantation [11]. In recent years, many 
bioprinting techniques have been developed to store cells and hydrogels together, 
altered and used as cell printers to print polymers [12]. In such printers, cell suspen-
sions or cell totals are mounted on printer extruder, and the printing mechanism is 
controlled. Continuous work and developments in biomaterials used in 3D printing 
have contributed to significant growth of 3D printing applications in the produc-
tion of personalized tissue-repairing membrane, skin graft, prostheses, medication 
delivery system, and 3D tissue engineering and regenerative medicine scaffolds. The 
design of clinic products and devices focus on new natural and synthetic biomedical 
materials used for therapeutic applications in different 3D bioprinting technologies. 
Many specific forms of medical 3D bioprinting technology are explored in depth, 
including extrusion-based bioprinting and inkjet printing processes, the specific 
therapeutic uses, various types of biomaterial used today, and the major shortcom-
ings are being studied in depth.

Bioinspired structure-guided tissue/cell in vivo growth or vitro culturing tissue/
cell in vivo growth and in vitro culturing are remarkably important for implantable 
medical devices and drug evaluation [13]. To achieve desired growth and reproduc-
tion, it is necessary to construct the culturing conditions and the growing structure 
as close to living being as possible. Bioinspired surface was applied to the implants to 
improve the implanting quality. Bioinspired porous structure was built on the scaf-
folds to guide and improve the tissue growth.
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2.  Design and preparation of natural soft polymeric materials with 
biomimetic 3D microarchitecture containing decellularized 
extracellular matrix

Tree-dimensional (3D) bioprinting showed potential in tissue engineering and 
regenerative applications due to its overwhelming advantages over other approaches. 
In order to promote the functions of bioprinted tissues, the development of novel and 
versatile bioinks will have crucial implications [14]. Natural materials were famous for 
the excellent biocompatibility and abundance, among which sodium alginate mixed 
with gelatin has been widely used as bioink for extrusion-based 3D bioprinting [15]. 
Despite advance in bioprinting and bio-fabrication during the past decade, fabricat-
ing complex and functional tissue constructs that mimic their natural counterparts 
still remains a challenge. Bioink optimization is considered as one of main challenges 
in cell-laden 3D bioprinting [16].

Numerous materials have been proposed, modified, and employed for medical 
bioprinting applications such as scaffolds for skin and bone tissue reconstruction 
such as synthetic materials and natural materials [17–29]. In bioprinting applications, 
biomedical materials could be extruded through a print head either by pneumatic 
pressure or mechanical force. Since the process did not involve any heating proce-
dures, it was most commonly used for preparing tissue engineering constructs with 
cells and growth hormones laden. Bioinks were the biomedical materials laden with 
cells and other biological materials and used for 3D bioprinting. The 3D bioprinting 
process allowed for the deposition of small units of cells accurately, with minimal 
process-induced cell damage. Advantages such as precise deposition of cells control 
over the rate of cell distribution and process speed had greatly increased the applica-
tions of this technology in fabricating living scaffolds. A wide range of materials 
with varied viscosities and high cell density aggregates could be 3D printed using this 
technique. A large variety of polymers were under research for the use in bioprinting 
technology [18]. Natural polymers, including collagen [19], gelatin [20], decellular-
ized extracellular matrix(dECM) [21], alginate [22], chitosan [23], cellulose [24], 
agarose [25], silk protein [26], and hyaluronic acid (HA) [27, 28], and photopoly-
merizable gelatin and hyaluronic acid [29] were commonly used in bioinks for 3D 
bioprinting (Figure 1). Often these bioinks are post-processed either by chemical 
or UV cross-linking to enhance the constructs’ mechanical properties. Depending 
on the type of polymer used in the bioink, biological tissues and scaffolds of varied 
complexity can be fabricated.

Decellularized extracellular matrix (dECM) scaffolds had a lot of collagens, 
which constitute the main structural element of the dECM, provide tensile strength, 
regulate cell adhesion, support migration, and direct tissue development. Dense 
connective tissue is an abundant source of dECM scaffolds, which can be prepared 
and purified by a defatting and decellularizing procedure [21, 30]. The treatments 
combined with supercritical carbon dioxide and specific enzymes could be employed 
to prepare dECM scaffolds. Furthermore, a series of new biomedical composite 
materials containing dECM scaffolds and alginate could be designed and prepared for 
tissue engineering and bioprinting applications. The composite materials containing 
dECM scaffolds for biomimetic bioinks could be characterized by Fourier transform 
infrared spectroscopy (FTIR), thermo-gravimetric analysis (TGA), and scanning 
electron microscope (SEM) to get the results of identifications, thermal stabilities, 
and microstructures.
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2.1  Natural soft polymeric materials with biomimetic 3D microarchitecture 
containing decellularized extracellular matrix via supercritical fluid 
treatments

Decellularized extracellular matrix could be an important natural soft polymeric 
material with biomimetic 3D microarchitecture for bioprinting applications. In previ-
ous study, supercritical fluid of carbon dioxide (ScCO2) was employed for preparation 
of designed decellularized extracellular matrix scaffolds for bioprinting applica-
tions. The ScCO2 could be employed before or after decellularization treatments for 
effectively removing most fatty acids and tissues [21]. The ScCO2 extraction could be 
performed for complete decellularization. Also, the steady thickness of about 0.5 mm 
of thinly sliced tissue sample, which could be obtained by using a designed tissue-
cutting machine (Taiwan PARSD Pharm. Tech. Consulting Ltd Co.), was employed 
for complete decellularization.

Fourier transform infrared spectroscopy analysis was important for character-
ization of the natural soft polymeric material with biomimetic 3D microarchitecture 
containing decellularized extracellular matrix because of collagen segments, which 
could exhibit remarkable typical absorption bands of specific functional groups such 
as Amide I, Amide II, Amide III, Amide A, and Amide B could be an important for 
bioprinting applications. From the FTIR analysis of the original tissue such as porcine 

Figure 1. 
Chemical structures of natural and synthetic soft polymeric materials with biomimetic 3D microarchitecture for 
tissue nanogineering, bioprinting, and medical applications. A) Natural soft polymeric material. B) Synthetic 
soft polymeric material.
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skin, absorption bands at 1452, 1400, 1337, 1240, 1203, and 1080 cm−1 were attributed 
to the amides III containing δ(CH2), δ(CH3), ν(C–N), and δ(N–H) absorptions of 
collagens in the original porcine skin. Amides I and amides II absorptions were found at 
1632 and 1551 cm−1, respectively. The absorption band at 3301 cm−1 δ(C–H) was attrib-
uted to the fatty acid of the original porcine skin. The absorption band at 1744 cm−1 
δ(C=O) was attributed to the fatty acid. After supercritical carbon dioxide treatment 
and decellularization, the decellularized extracellular matrix could be formed and the 
absorption bands of fatty acids could not be observed in FTIR spectrum, demonstrating 
the effectiveness of the supercritical carbon dioxide treatment and the formation of 
natural soft polymeric materials. The resulting natural soft polymeric materials could 
be considered as a nano-bioscaffold. The microstructures of resulting membranes with 
dNBS-S were characterized by scanning electron microscope (SEM). Scanning electron 
micrographs of the decellularized samples such as decellularized porcine skin (dNBS-S), 
decellularized porcine liver(dNBS-L), decellularized porcine costal cartilages (dNBS-
CC), and decellularized porcine elastic cartilage (dNBS-EC) after treatment with 
supercritical carbon dioxide are shown in Figure 2(A)–(D), respectively. The pore space 
of the resulting natural soft polymeric materials from different tissues such as the skin, 
liver, costal cartilage, and elastic cartilage with diameters in a range of 10–250 μm was 
observed, which could be good nano-bioscaffolds for cell migration [21].

Further, L929 cells were cultured on the resulting natural soft polymeric mate-
rial for a potential evaluation of good nano-bioscaffolds for tissue engineering. The 
morphology of L929 cells cultured on the resulting natural soft polymeric materials 
was also investigated by SEM (Figure 3). Significantly, most area was covered by L929 

Figure 2. 
Scanning electron micrographs of the samples: (A) decellularized porcine skin (dNBS-S), (B) decellularized 
porcine liver(dNBS-L), (C) decellularized porcine Costal cartilages(dNBS-CC), and (D) decellularized porcine 
elastic cartilage (dNBS-EC).
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cells on the resulting natural soft polymeric materials such as dNBS-S after 3 days of 
culture was observed [21]. The cells that grew upon the dNBS-S were significantly 
observed. Perez-Puyana et al. also reported that the pore space of nano-bioscaffold 
was suggested to be small enough to establish a high specific surface area and large 
enough to allow cells to migrate into the microstructure (20–120 μm) [31].

2.2  Natural soft polymeric composite materials with biomimetic 3D 
microarchitecture containing alginate and decellularized extracellular matrix 
via supercritical fluid treatments

Decellularized extracellular matrix(dECM)/alginate composite materials with 
biomimetic 3D microarchitecture and cross-linked decellularized extracellular 
matrix/alginate composite materials with biomimetic 3D Microarchitecture could 
also be designed for tissue engineering and medical applications. Briefly, the desired 
amount of dECM powder was first dispersed completely in water. Then, alginate 
aqueous solution was homogenized thoroughly with the dispersed dECM solution. 
The alginate/dECM solutions were employed to form 3D printed membranes by 
using extrusion-based bioprinting, molding, and freeze-drying procedures for evalu-
ation of new 3D bioprinting materials. Further, cross-linked decellularized extracel-
lular matrix/alginate composite materials with biomimetic 3D Microarchitecture 
were designed and prepared by using ionic crosslinking procedure with CaCl2 
aqueous solution.

The incorporation of nano-bioscaffold(dNBS) in the alginate/decellularized extra-
cellular matrix composite materials(AdNBS) with biomimetic 3D microarchitecture 
was done. The FTIR spectroscopy analysis was carried out to confirm the structures. 
In the spectrum of the AdNBS, the main absorption bands at around 1632 cm−1 
(amide I, C-O, and C-N stretching), 1537 cm−1 (amide II) and 1242 cm−1 (amide III) 
were also observed. Because of the introduction of alginate segments, retaining the 
characteristic bands of pure sodium alginate was observed. The characteristic bands 
of AdNBS at around 1595 cm−1 (the carbonyl (C=O) bond) and 1408 cm−1 (asym-
metric and symmetric stretching peaks of carboxylate salt groups) were visible [21]. 

Figure 3. 
SEM photograph of L929 cells grew on dNBS-S.



43

Perspective Chapter: Design and Characterization of Natural and Synthetic Soft Polymeric…
DOI: http://dx.doi.org/10.5772/intechopen.106471

It showed a stronger absorption band at 1595 cm−1 and two remarkably shoulders at 
1632 and 1537 cm−1, which were characteristic absorption of carbonyl groups of amide 
(amide I and amide II) of dNBS segments, which would confirm the formation of 
AdNBS composite materials remarkably. A higher absorption from 3600 to 3200 cm−1 
would be observed in the spectrum, which suggested an increase of hydrogen bonds 
resulting from the interaction between dNBS molecule and alginate(ALG) molecule. 
The results of FTIR indicated the presence of dNBS in the composite materials as 
wells as the interaction between them. After cross-linking reaction, the cross-linked 
decellularized extracellular matrix/alginate composite materials with biomimetic 3D 
microarchitecture were obtained and the calcium alginate segments were formed. The 
-C-O-O-Ca-O-CO- structure made the C-O stretching vibration absorption increase 
and had an obvious absorption band at 1024 cm−1, which indicated the formation of 
-CO-O-Ca-O-CO- structure in AdNBS materials [21].

The microstructure of resulting AdNBS composite materials was characterized 
by scanning electron microscopy (SEM). The micro-scaffold structure could be 
observed in the dNBS-S derived from porcine skin after treatment with supercritical 
carbon dioxide (Figure 2(B)) showed quite different morphology form ALG, which 
showed a micro-scaffold shape with narrow boundaries [21]. The averaged diameter 
of narrow boundaries was found in a range of 1–3 μm. The remarkable micro-scaffold 
structures were observed in AdNBS composite materials with various introduction 
ratios of dNBS-S and ALG. With the increasing introduction ratio of dNBS-S and 
ALG, the new combined micro-scaffold shapes of composite materials were observed 
with the spaces and smooth mixed boundaries. The averaged diameter of smooth 
mixed boundary was found in a range of 1–35 μm [21], which might provide relatively 
high structural and thermal stabilities.

Thermal stability of resulting natural soft polymeric materials with biomimetic 
3D microarchitecture such as AdNBS-S could be evaluated by TGA (Figure 4). 
Thermogravimetric analysis of the ALG showed a maximum pyrolysis temperature 
(Tdmax) lower than 300 degrees. To enhance the thermal stability of ALG-based 
materials, the decellularized nano-bioscaffolds, dNBS-S, were introduced. The 
maximum pyrolysis temperature (Tdmax) of dNBS-S was higher than 300 degrees. 
The resulting AdNBS-S would be a new heat-resistant biomaterial for bioprinting 
applications. From TGA analysis of AdNBS-S, the main loss is presented in two differ-
ent temperature ranges given by stage I(<150°C), stage II(150–250°C), and stage III 
(250–500°C). From TGA results of ALG, initial weight loss up to 150°C is found to be 
15, 20, and 20 for non-cross-linked alginate(NCA), high cross-linked alginate(HCA) 
(5wt% CaCl2(aq)), and relative low cross-linked alginate(LCA)(1wt% CaCl2(aq)), 
respectively, due to the elimination of absorbed and bounded water molecules in the 
membrane. In case of cross-linked AdNBS-S (dNBS-S/ALG= 20/80), composite mate-
rial with CaCl2(aq) such as relatively low-cross-linked AdNBS-S(dNBS-S/ALG=20/80) 
composite material(LCLAdNBS-S) (1wt% CaCl2(aq)) and high-cross-linked AdNBS-
S(dNBS-S/ALG=20/80) composite material(HCLAdNBS-S)(5wt% CaCl2(aq)), weight 
loss would be increased comparing with the non-cross-linked AdNBS-S(dNBS-S/
ALG=20/80) composite material sample (Figures 4(C), (F), and (I)). This increase 
may be due to more adsorption of water molecules present along with Ca2+ molecules 
while cross-linking with CaCl2 aqueous solution. From TGA results, relatively high 
Tdmax(i) values of AdNBS-S composite materials were observed at 270–300°C in 
stage II comparing with the 250°C of non-cross-linked alginate(NCA) (Figure 4(A)). 
When the high concentration of CaCl2 (5wt%) added, the relative high Tdmax(i) 
value of high-cross-linked alginate(HCA) was observed at ca. 270°C comparing with 
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the 250°C of non-cross-linked alginate(NCA) and 252°C of relative low-cross-linked 
alginate molecule(LCA)(1wt%). Furthermore, when the high concentration of CaCl2 
(5wt%) was added, the relatively high Tdmax(i) values of high-cross-linked AdNBS-S 
such as HCHAdNBS-S and HCLAdNBS-S were observed at ca. 300°C comparing 
with the 270°C of high-cross-linked alginate (5wt%)(HCA) (Figure 4(G)). It would 
be due to the association between the ALG molecule and dNBS-S. Similarly, the 
relatively high Tdmax(ii) value of cross-linked AdNBS-S composite materials would 
be observed at ca.370°C. Particularly, much higher Tdmax(iii) values than Tdmax(ii) 
values of cross-linked AdNBS-S composite materials were observed at 400°C, which 
might be contributed to the formation of new mixed cross-linked network micro-
structures of ALG and dNBS-S molecules.

When a little amount of dNBS-S was introduced into the AdNBS-S composite 
materials without CaCl2, weak ionic association between –COOH group of alginate 
molecule and -NH2 group of dNBS-S molecule was formed and which is difficult to 

Figure 4. 
Thermogravimetric analysis of the composite membranes with/without cross-linking reaction, (A) non-cross-
linked alginate material (NCA); (B) non-cross-linked AdNBS-S (5/95) (NCHAdNBS-S); (C) non-cross-linked 
AdNBS-S (20/80) (NCLAdNBS-S); (D) relative low-cross-linked alginate(LCA) (1wt% CaCl2(aq); (E) relative 
low-cross-linked AdNBS-S (5/95) (LCHAdNBS-S) (1wt% CaCl2(aq) ); (F) relative low-cross-linked AdNBS-S 
(20/80) (LCLAdNBS-S) (1wt% CaCl2(aq)); (G) high-cross-linked alginate(HCA) (5wt% CaCl2(aq) ); (H) 
high-cross-linked AdNBS-S (5/95)(HCHAdNBS-S) (5wt% CaCl2(aq)); (I) high cross-linked AdNBS-S (20/80) 
(HCLAdNBS-S) (5wt% CaCl2(aq)).
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build up the cross-linking structure. With an increasing introduction of dNBS-S to 
AdNBS-S composite materials, ordinary ionic association between –COOH group of 
alginate molecule and –NH2 group of dNBS-S was employed to build weak ionic cross-
linking microstructure. When a large amount of dNBS-S was introduced into the 
AdNBS-S composite materials without CaCl2(NCLAdNBS-S), strong ionic association 
between -COOH group of ALG molecule and –NH2 group of dNBS-S was employed to 
build up strong ionic cross-linking microstructure.

When a little amount of dNBS-S was introduced into the dNBS-S/alginate 
composite membrane with 1wt% CaCl2(LCHAdNBS-S), weak ionic association 
between –COOH group of alginate molecule and -NH2 group of dNBS-S and weak 
ionic associations among –COOH group of alginate molecule, Ca2+, and –COOH 
group of alginate molecule could be found. The remarkable cross-linked microstruc-
ture was difficult to be observed. Tdmax(iii) value could not be found in DTG of 
LCHAdNBS-S results (Figure (E)). Weak ionic association between –COOH group 
of alginate molecule and –NH2 group of dNBS-S and weak ionic associations among 
–COOH group of alginate molecule, Ca2+, and –COOH group of alginate molecule 
were employed to build weak ionic cross-linking microstructure. The overlapped 
Tdmax(ii,iii) values of AdNBS-S (LCHAdNBS-S) could be observed at 390°C. With 
an increasing introduction of dNBS-S to AdNBS-S composite materials with 5wt% 
CaCl2, some strong ionic associations were employed to build strong mixed ionic 
cross-linked microstructure. The remarkable high Tdmax(iii) values of AdNBS-S 
could be observed at 400°C (HCLAdNBS-S). That is, when the high concentrations 
of CaCl2(5wt%) and dNBS-S were added, some different associations would be 
enhanced, such as association between –COOH group of alginate molecule and –NH2 
group of dNBS-S, associations among –COOH group of alginate molecule, –COOH 
group of dNBS-S, and Ca2+ ion, associations among –COOH group of alginate 
molecule, –COOH group of alginate molecule, and Ca2+ ion, and associations among 
–COOH group of dNBS-S, –COOH group of dNBS-S, and Ca2+ ion.

With an increasing additions of dNBS-S to composite membranes with 1wt% 
CaCl2, ordinary ionic association between –COOH group of alginate and –NH2 group 
of dNBS-S was employed to build weak ionic cross-linked microstructure (Figure 5). 
When a large amount of dNBS-S was introduced into the dNBS-S/alginate composite 
membrane with 1wt% CaCl2, some ordinary ionic associations such as ionic association 
between –COOH group of alginate molecule and –NH2 group of dNBS-S, ionic between 
among –COOH group of alginate molecule, Ca2+, and –COOH group of dNBS-S, and 
ionic between among –COOH group of dNBS-S, Ca2+, and –COOH group of dNBS-S. 
The remarkable high Tdmax(iii) values of AdNBS-S could be observed at 400°C.

2.3  Natural soft polymeric composite materials with biomimetic 3D 
microarchitecture containing gelatin, alginate, and decellularized 
extracellular matrix via supercritical fluid treatments

For specific clinic applications, the gelatin could also be employed to prepare cross-
linked porous natural soft polymeric composite materials with biomimetic 3D micro-
architecture containing gelatin, alginate, and decellularized nano-bioscaffolds. A series 
of composite materials with a biomimetic 3D microarchitecture were prepared based 
on a fixed weight ratio of gelatin, alginate, and decellularized nano-bioscaffolds. An 
aqueous gelatin(G) solution and an aqueous alginate(A) solution (weight ratio is 2:1) 
were homogenized thoroughly. A mixed aqueous solution of gelatin(G) and alginate(A) 
was obtained as an aqueous GA solution. Briefly, the desired amount of decellularized 
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nano-bioscaffolds powder was first dispersed completely in water. Then, the aqueous 
GA solution was homogenized thoroughly with the dispersed decellularized nano-
bioscaffolds solution. A mixed aqueous solution of gelatin/alginate(GA) and decellular-
ized nano-bioscaffolds was then molded and frozen and then lyophilized. Polymeric 
porous natural soft polymeric composite materials(GA/dNBS) with biomimetic 3D 
microarchitecture containing gelatin, alginate, and decellularized nano-bioscaffolds 
were obtained. The resulting GA/dNBS was further soaked in CaCl2 or GTA aqueous 
solution with various soaking times for cross-linking reaction with magnet mixer. The 
cross-linked GA/dNBS solutions were then frozen and dried. A series of designed cross-
linked porous composite materials with biomimetic 3D microarchitecture containing 
gelatin, alginate, and decellularized nano-bioscaffolds could be obtained [32].

2.4  Natural soft polymeric composite materials with biomimetic 3D 
microarchitecture containing bovine Achilles tendon type I collagen and 
decellularized extracellular matrix via supercritical fluid treatments

The bovine Achilles tendon type I collagen was dispersed in an acetic acid solution 
and stirred to get a full dispersion collagen gel. The decellularized extracellular matrix 
immersed in acetic acid solution at the same concentration with collagen gel resolution 
was respectively placed on the table concentrator of 25 and 37°C for 24 h, allowing 
decellularized extracellular matrix to fully swell in acetic acid solution to obtain a decel-
lularized extracellular matrix gel. Afterward, the decellularized extracellular matrix 
gels were added into the collagen gel following continuous stirring to obtain the com-
posite hydrogel with a final ratio of 9:1 (wt/wt) of collagen and decellularized extracel-
lular matrix. The composite gel was lyophilized. The composite nanobioscaffolds were 
obtained. After, those scaffolds were fully cross-linked by immersion in a 0.1% (v/v) 
glutaraldehyde solution (75% ethanol aqueous solution) for 1 h, freeze-dried, and 

Figure 5. 
Proposed model of ionic cross-linked structure from Ca2+ ions, alginate molecules, and dNBS-S. (A) non-cross-
linked structure, (B) weak ionic cross-linked structure, (C) weak strong ionic cross-linked structure, (D) ionic 
cross-linked interpenetrating structure.
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sterilized at a dose of 25 kGy. Finally, the cross-linked collagen/decellularized fibrous 
extracellular matrix composite nano-bioscaffolds were obtained.

3.  The 3D bioprinting applications of natural soft polymeric materials 
with biomimetic 3D microarchitecture

3.1  Preparation of natural soft polymeric scaffolds with biomimetic 3D 
microarchitecture by extrusion-based bioprinting procedure with/without cells

Preparation of natural soft polymeric scaffolds with biomimetic 3D microar-
chitecture could be carried out from dNBS-S and ALG by using an extrusion-based 
bioprinting procedure with/without cells (Figure 6). The uncross-linked natural 
soft polymeric scaffolds having biomimetic 3D microarchitectures (Figure 6(A)) 
were obtained. Subsequently, the cross-linked interpenetrating composite mem-
branes with/without cells could be obtained after ionic cross-linking procedures 
(Figure 6(B)). On the other hand, the cross-linked interpenetrating composite 
membranes with/without cells (Figure 6(D)) could be directly obtained by using a 
dual extrusion-based bioprinting procedure (Figure 6(C)). Further, introduction of 
gelatin in designed natural soft polymeric materials with biomimetic 3D microarchi-
tecture could enhance structural and thermal stabilities for tissue engineering and 3D 
bioprinting applications as a scaffold (Figure 7) [32].

3.2  Design of natural soft polymeric materials with biomimetic 3D 
microarchitecture for dNBS-containing skin equivalents by using a  
layer-by-layer-dispensing method as active cell-containing wound dressings

Recently, skin grafts could be fabricated using a commercially available 
bioprinter(CELLINK) [33]. PLG mech was used as a mech to build up a skin 
construct. For medical application of skin grafts, the designed alginate-based 

Figure 6. 
Proposed model of ionic cross-linked structure from Ca2+ ions, alginate molecules, and dNBS-S/alginate. (A) 
Non-cross-linked structure, (B) weak ionic cross-linked structure, (C) weak strong ionic cross-linked structure, 
(D) ionic cross-linked interpenetrating structure.
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biopolymeric mech containing dECM could be employed to displace PLG mech. 
The dECM-containing skin equivalents with a dermal layer could be designed using 
a layer-by-layer-dispensing method. In the concept, a designed dermal construct 
could be generated by dispensing dermal bioink containing human endothelial cells 
(ECs), fibroblasts (FBs), and pericytes (PCs) and transfer these cells such as FBs, 
PCs, and ECs dispensed from a syringe into a mold at an extrusion pressure. A sterile 
alginate-based biopolymeric mesh was added on top of the first printed dermal layer 
and incubated at 37°C. The alginate-based biopolymeric mesh was sterilized prior to 
printing by immersion in a 70% ethanol solution for 30 min and allowed to dry for 1 
h at room temperature. Upon gelation, additional dermal bioink containing FBs, PCs, 
and ECs was printed on top of the mesh, incubated at 37°C until complete gelation, 
and submerged in media. The resulting construct was further submerged in a larger 
volume of media to prevent rapid exhaustion of nutrients. Medium was changed 
daily. After 4 days under medium submersion to allow self-assembly of endothelial 
networks, the dermal construct was carefully transferred for clinic applications such 
as an active cell-containing wound dressing (Figure 8(A) and (B)) or further was 
bioprinted an additional keratinocytes (KCs) layer to obtain an active KCs-containing 
wound dressings for wound management (Figure 8(C) and (D)).

3.3  Design of natural soft polymeric materials with biomimetic 3D 
microarchitecture for dNBS-containing skin equivalents by using a whole-
dispensing method

For specific medical application of skin grafts, the dECS-containing skin equivalents 
with a dermal layer could be designed using a whole-dispensing method. In the concept, 

Figure 7. 
Proposed model of ionic cross-linked structure from Ca2+ ions, alginate molecules, and dNBS-S/alginate. (A) 
Non-cross-linked structure, (B) weak ionic cross-linked structure, (C) weak strong ionic cross-linked structure, 
(D) ionic cross-linked interpenetrating structure.
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a designed dermal construct could be generated by dispensing dermal bioink contain-
ing human endothelial cells (EC), fibroblasts (FBs), pericytes (PCs) , and dECS. The 
dermal bioink was transferred from a syringe into a mold by using extrusion-based 
bioprining. A bioprinted dermal layer was obtained and incubated at 37°C (Figure 9). 
The resulting dECS-containing dermal construct was further submerged in a larger 
volume of media to prevent rapid exhaustion of nutrients. Medium was changed daily. 
After 4 days under medium submersion to allow self-assembly of endothelial networks, 
the dECS-containing dermal construct was carefully transferred for clinic applications 
such as an active dECS/cell-containing wound dressings (Figure 9(A)) or further 

Figure 8. 
Proposed model of active cell-containing and active keratinocytes-containing wound dressings for wound 
management. (A) preparation of an active cell-containing wound dressing, (B) clinical application of an active 
cell-containing wound dressing, (C) preparation of an active keratinocytes-containing wound dressing, and 
(D) clinical application of an active keratinocytes-containing wound dressing.
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was bioprinted an additional keratinocytes (KCs) layer to obtain an active dECS/KCs-
containing wound dressings for wound management (Figure 9(B)).

4.  Design of synthetic soft polymeric materials with biomimetic 3D with 
3D bioinspired structural foam-wall microarchitectures

For regenerative applications, existing biomedical membranes such as collagen 
membranes have demonstrated the ability to promote or inhibit cell proliferation. 
Pure collagens suffer from uncontrollable rapid degradation and weak mechanical 
strength [34–37]. Generally, synthetic polymers have better mechanical properties 
and stability than collagen [38]. Polyvinyl alcohol(PVA), which is an FDA-approved 
material, was widely used in various biomedical applications, including surgical 
sponges, osteochondral grafts, contact lenses, artificial blood vessels, and implantable 
medical devices [39, 40] (e.g., bone regeneration [41], wound healing [42], and dental 
applications [43]) because of the desirable properties such as biocompatibility, non-
degradability, low protein absorption, and easily tunable mechanical properties. PVA 
matrix was characterized by its super water absorbent property, great durability and 
cleaning ability, and its super soft texture when moist. Using sulfuric acid as catalyst 
and a suitable pore-forming agent, this porous PVA foam was prepared through PVA 
acetalization. In usual, some pore-forming agents, such as starch, surfactants, or the 
reagents [44, 45], which could be employed to produce gas during the cross-linking 
reaction to prepare PVA foam matrix. Also, water was used as a pore-forming agent 
to obtain porous structure without any other additional pore-forming agents [46]. 
Starch was a pore-forming agent that had been commonly used in the preparation 
of porous PVA matrix [47, 48]. The average pore diameter of PVA foam varied from 
30 to 60 μm when wheat-starch was used and varied from 60 to 100 μm when potato 
starch was used [49, 50]. However, the volumes of PVA matrix gradually shrunk with 
the increasing acetalization degree and water was continuously excluded during the 

Figure 9. 
Proposed model of (A) an active dECS/cell-containing wound dressings and (B) an active dECS/KCs-containing 
wound dressings.
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acetalization process as observation. The PVA matrix with compacted or closed cell 
porous structure and a poor interconnectivity was obtained. The resulting PVA foam 
had residual pore-forming agent and undesirable degradable products, which might 
be harmful for biomedical applications such as tissue engineering or wound manage-
ment [50]. The PVA/collagen composite materials were successfully developed in the 
forms of patches, nanofibers, hydrogels, polymer blend, mixed foam, and dual layers 
[17–55], which were mainly employed for osteochondral defects application [51], 
tissue-engineered corneas [52], cartilage tissue engineering [53], and wound healing 
[54, 55]. PVA was employed to modulate the mechanical properties, degradation 
properties, and cell regulation ability of PVA-based composite materials, which would 
show the ability to regulate the cell adhesion and proliferation behavior of cell and 
play a critical role in tissue regeneration [56, 57]. With a strong focus on therapeutic 
applications, the characteristics of composite materials for medical or regenerative 
applications examine the inspirations from nature [58, 59].

4.1  Design of synthetic soft polyvinyl alcohol materials with 3D bioinspired 
structural foam-wall microarchitectures

Biomimetic designs would bring effective materials that are sources of inspiration 
to biomedical engineers. For tissue engineering and medical applications, a novel bio-
inspired soft matrix with supporting interconnective foam-wall microarchitectures 
and/or struts made of cross-linked polyvinyl alcohol with air cavities inspired by 
avian skeleton and feather rachises was designed. The fully open-cell microstructures 
with air cavities, structural foam-walls, and structural pneumaticity bioinspired by 
avian feather rachises and pneumatic bone could be designed. The foam-wall showed 
a “foam-in-a-foam” microstructure and provided internal reinforcements and 
pneumaticity [60, 61].

Also, the corresponding foaming process was established. The bioinspired soft 
matrix with high interconnectivity was fabricated by using a designed air stream 
pore-forming process [34], which could regulate different pore sizes and micro-
structure of resulting materials as shown in Figure 10. Furthermore, the bioinspired 
synthetic soft polyvinyl alcohol material was employed to prepare a series of biologi-
cal modified synthetic soft polyvinyl alcohol materials to provide new functional 
characteristics for specific clinic and regenerative applications.

The traditional designs of polyvinyl alcohol matrix were prepared by traditional 
starch pore-foaming process or air-assisted starch pore-foaming process. The medical 
drainage materials with fully open-cell microstructure could not be obtained. It is 
difficult to form air cavities to provide interconnectivity and structural support. To 
build up the stable air cavities, foam walls, and structural pneumaticity bioinspired 
by avian feather rachises, the introduction of clean atmospheric flow in the foaming 
process of polyvinyl alcohol matrix would be considered (Figure 11). The clean air 
was incorporated during the pore-foaming process and cross-linking process for 
formation of air cavities, foam walls, and structural pneumaticity bioinspired by 
avian feather rachises and pneumatic bone, which could be considered as a biomi-
metic airstream pore-foaming process. The clean air current was employed to avoid 
impurity. Complete cross-linking reaction for preparation of polyvinyl alcohol foam 
materials was also important. During starch-containing pore-foaming process, the 
pore-foaming agent, starch, could not provide enough driving force to form atmo-
spheric flow, which would promote formation of air cavities with structural support, 
foam walls, and structural pneumaticity. New biomimetic design of PVA matrix with 
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air cavities inspired by avian skeleton and feather rachises was prepared by using a 
designed air flow pore-foaming process without starch pore-foaming agent. A novel 
b-PVA with fully open cells and channels could be designed and prepared by using 
a clean airstream pore-foaming process. The reduced pressure could be employed to 
build up a clean airstream pore-foaming environment. Furthermore, a morphologi-
cal evaluation of the resulting was carried by using SEM as shown in Figure 6. The 
resulting PVA matrix exhibited spongy structure with fully open-cell interconnecting 
porous network.

Porous matrices served as a guide for tissue regeneration as a three-dimensional 
substrate with temporary mechanical support for cell attachment, proliferation, 
infiltration [62]. The morphology was the key feature that affects both biological and 
mechanical efficiency of the medical matrices, which would be needed to provide 
a porous architecture with high interconnectivity to enable cell infiltration, nutri-
ent flow, and integration of the material within the host tissue [63]. Various matrix 
manufacturing techniques such as emulsion templating [63], gas foaming of het-
erogeneous blends [64], electrospinning [65], and additive manufacturing [66] had 
been widely used to introduce porosity into tissue engineering scaffolds. However, 
PVA matrix always exhibited no interconnectivity or limited interconnectivity 

Figure 10. 
Macroscopic images of designed synthetic soft polyvinyl alcohol materials with different pore sizes and 
microstructure. (A) Diameters were ca. 300:(A1) dried type, (A2) subhumid type, (A3) moist type;  
(B) Diameters were ca. 500:(B1) dried type, (B2) subhumid type,(B3) moist type; and (C) Diameters were ca. 
900:(C1) dried type, (C2) subhumid type, (C3) moist type.
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because of inaccessible pore, blind pore, and compacted pore within the microstruc-
ture (Figure 12), which might be due to poor foaming ability by using traditional 
starch pore-foaming process, air-assisted traditional starch pore-foaming process, 
or incomplete cross-linking reaction of PVA. Biomimetic airstream pore-foaming 
process was employed as a new matrix fabrication technique to prepare a bioinspired 

Figure 11. 
Microstructures of new biomimetic design of bioinspired PVA matrix were inspired by avian skeleton and feather 
rachis containing foam-walls. (A) avian feather rachis, (B) microstructure with air cavities stents for structural 
support, (C) avian skeleton pneumatic bones, (D) microstructure with air-filled canals for pneumatized 
drainage, and (E) morphological evaluation of new biomimetic design of bioinspired PVA matrix by using 
scanning electron microscopy (SEM).

Figure 12. 
The microstructural morphological evaluations of commercial soft materials with limited interconnectivity, (A) 
blind pore, (B) compacted pore, and (C) inaccessible pore.
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polyvinyl alcohol (b-PVA) with a foam-wall microstructure, which exhibited high 
porosity and high interconnectivity. The resulting high porosity and interconnectiv-
ity would enable cell migration, vascularization, and providing space for newly 
forming tissues to meet the requirements of specific tissue engineering applications 
and clinic treatments [66–68].

To understand advanced thermal stability of the synthetic soft polymeric materi-
als with 3D bioinspired structural foam-wall microarchitectures matrix(b-PVA), 
the commercial medical PVA matrix was also studied by using TGA and DSC and 
compared with the results of b-PVA. The weight loss curves obtained from thermo-
gravimetric analysis (TGA) could provide some information of thermal degradation 
such as small molecules, solvent, water, residual reagents, residual foaming agents, 
starch, weak structural molecules, and prepolymeric molecules, to identify the 
thermal structural stability. Most of commercial medical PVA matrix exhibited poor 
thermal stability, which might be due to the compacted and closed-cell microstruc-
ture [69]. With increasing temperature, several thermally degraded products and the 
weight loss of materials were observed. From TGA and DTG results of commercial 
medical PVA matrix, three stages of weight loss, such as stage I in 50–100°C, stage II 
in 100–250°C, and stage III in 250–500°C. First, weight loss of commercial medical 
PVA matrix in stage I at around 100°C was contributed to the loss of water molecules 
trapped in the hydrophilic PVA. The weight losses of stage I were observed in a range 
of 3–5 wt%. Second, TGA and DTG spectra of commercial medical PVA matrix in 
stage II exhibited slight thermal hydrolysis signals increasing with temperature, 
indicating that the materials might have a poor thermal stable structure and impu-
rity. The weight losses of stage II were determined to be in a range of 2–9 wt%. The 
relative very low values of initial hydrolysis temperature in stage II were observed 
at 110–160°C, indicating the thermal degradation of the commercial medical PVA 
matrix would be happened easily and harm seriously for biomedical applications 
such as biocompatibility and tissue engineering. Third, TGA and DTG spectra of 
commercial medical PVA soft matrix in stage III exhibited quite broad peak of DTG 
curve and the relative low values of initial hydrolysis temperature in stage III were 
observed in a range of 220–250°C, indicating commercial medical PVA soft matrix 
might be incomplete cross-linked structures with poor thermal structural stability 
and incomplete entanglement microstructure with closed cells [34]. Differential 
scanning calorimeter analysis (DSC) of the commercial medical PVA matrix 
exhibited some peak below 100°C such as 56, 65, 68, 75, and 95°C, which might 
be due to the residual compounds such as unreacted PVA or starch pore-forming 
agents [70]. In general, the conventional method of manufacturing PVA matrix by 
using the pore-forming agents such as wheat starch (61.8°C [71], 56.2°C [72], and 
68.2°C [73]), pea starch (59.8°C [72]), corn starch (71.2 and 80.0°C [71]), potato 
starch (66.6°C [71], 63.0°C [72], and 72.2°C [73]), cassava starch (65.1°C [73]), 
tapioca starch (69.9°C [73]), maize starch (76.7°C [73]), and rice starch (68.3°C [71] 
and 67.8°C/75.3°C [72]). The DSC values of the commercial medical PVA matrix 
observed at 84–110°C might be contributed to amylopectin part in starch. In the case 
of the amylopectin part in sago starch, the melting temperature peak was between 
50 and 150 °C [74]. Most of the commercial products with compacted and closed cell 
microstructure were determined and characterized; the results might be contributed 
to the evident of residual starch after starch pore-foaming process, which could not 
provide a good support and drainage microstructure. The addition of starch and 
thermal depredated compounds would be harmful to the clinical applications and 
risks of pollution in storage system of the resulting soft medical drainage material. 
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Also, the residual starch would be degraded with an increasing temperature and 
enhance risks of treatments.

From Figure 13, weight loss curves obtained from thermogravimetric analysis 
(TGA) of biomimetic PVAF could exhibit excellent thermal structural stability and 
high purity. First, TGA and DTG curves of bioinspired PVA matrix in the region with 
the temperature lower than 100°C exhibited 6wt% of weight loss, which would be 
due to only water molecules escaping from the materials and a good water-absorption 
property. Also, DSC curve of bioinspired PVA matrix was employed to identify 
thermal stability and exhibited a smooth signal below 100°C, which was contributed 
to escaping water molecules. Second, TGA and DTG curves of bioinspired PVA 
matrix in the region with a temperature range between 100 and 300°C exhibited no 
change of thermal signals, indicating high purity of synthetic soft materials. Third, 
TGA and DTG curves of bioinspired PVA matrix in the region with the temperature 
higher than 300°C exhibited a high Tdmax value >425°C and a narrow peak of DTG 
curve, which indicated high thermal and structural stability and a fully cross-linked 
structure (Figure 13).

A novel bioinspired soft matrix derived from PVA was designed and prepared. 
Fourier-transform infrared spectra of the designed synthetic soft polymeric 
materials with 3D bioinspired structural foam-wall microarchitectures (b-PVA) 
were determined. The main bands of pure PVA at 3500–3400, 2917, 1425, 1324, and 
839 cm−1 were assigned to the O-H stretching vibration of the hydroxy group, CH2 
asymmetric stretching vibration, C-H bending vibration of CH2, C-H deforma-
tion vibration, and C-C stretching vibration by using FTIR. After the biomimetic 
airstream pore-foaming process, the molecular structure of PVA matrix was also 
characterized. The bands at 3500–3400cm−1 were weakened and shifted toward 
higher frequencies due to the consumption of -OH (due to condensation reaction 
be acetalization tween PVA and formaldehyde) and the corresponding cleavage 
of the intra- and intermolecular hydrogen bonding. The new bands at 2952, 2913, 
2861, and 2675 cm−1 ascribed to symmetric stretching vibrations of the alkyl CH2 
group, the new bands at 1239, 1172, 1129, and 1065 cm−1 ascribed to the stretch-
ing vibration of C-O in C-O-H groups, and a new peak at 1008 cm−1 ascribed 
to -C-O-C-O-C- stretching vibrations could confirm the formation of a formal 
structure of b-PVA [75, 76]. Starch of corn, cassava, and potato showed similar 
absorption bands below 1200 cm−1 [77, 78]. A absorbance band around 1150 cm−1, 

Figure 13. 
Thermal characteristics of new bioinspired PVA(b-PVA) matrix, (A) TGA and (B) DTG.
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bands at 1080 and 1020 cm−1, and bands around 700–900 cm−1 were contributed 
to vibrations of the glycosidic C–O–C bond [34, 76], the anhydroglucose ring 
O–C stretch [34, 77], and C-O-C ring vibration [34, 76], respectively [34, 76, 77]. 
The absorbance band at 924 cm−1 was assigned to vibrational modes of a skeletal 
glycoside bonds of starches [34, 77]. FTIR spectrum of commercial medical PVA 
matrix showed the similar absorbance band at 924 cm−1. However, the absorbance 
band at 924 cm−1 could not be observed in the FTIR spectra of new bioinspired 
PVA matrix. The absorbance band at 924 cm−1 might be an important evident 
for starch pore-foaming process and an evaluation for a structural support cell 
microstructure. The fingerprint region at wavenumbers 1200–600 cm−1 could be 
employed to identify the purity and molecular structure of suitable medical soft 
matrix. That is, the fingerprint region of new biomimetic design of medical soft 
matrix could identify the biomimetic super-clean airstream pore-foaming process 
different from those of traditional starch pore-foaming process. The residual 
starch pore-foaming agents were degraded easily with an increasing temperature, 
which might be harmful to the cleanliness of the medical soft matrix and enhance 
risks of pollution in biomedical application such as tissue engineering or wound 
management [79, 80].

For the therapeutic application of liver, bioartificial liver support system has been 
proposed to support the regeneration of the patient’s liver [81, 82]. The PVA matrix 
might be considered as a suitable material. The b-PVA was a nontoxic material with 
favorable mechanical properties, chemical stability, and good cell adhesion, which 
could be easily processed and has a special three-dimensional porous structure 
[83, 84]. Fabrication of porous matrix as potential hepatocyte carriers for bioartificial 
liver support had been widely explored [85, 86]. Previous studies have tried to immo-
bilize protein with biomaterials by using covalent binding for HepG2 cell culture [85, 
86]. The designed b-PVA matrix showed a microstructure containing foam-walls with 
good structural support and interconnectivity, which might act as a feasible material 
for artificial liver devices because of biocompatibility, pore-foaming, and mechanical 
property [85, 86].

The human hepatoblastoma HepG2 cells could be employed for evaluation of 
liver therapeutic application by using an extrusion-based bioprinting procedure as 
shown in Figure 14A). The ability of cells to adhere and proliferate on the bioinspired 
polyvinyl alcohol (b-PVA) matrix was an important indicator for evaluating the in 
vivo application potential. The SEM images were used to evaluate the cell morphology 
on the bioinspired polyvinyl alcohol matrix after various times of human hepatoblas-
toma HepG2 cell culture such as 72 h as shown in Figure 15. After 72 h of culturing, 
HepG2 cells would be adhered to the scaffold and grew cover on the interface and 
inside of the open-cell pores. The foam-walls might provide a rough surface for 
HepG2 cell proliferation. The interconnected microporous microstructure of the 
matrix might well supports the penetration of HepG2 cells.

4.2  Design of biological modified b-PVA with 3D bioinspired structural  
foam-wall microarchitectures

The designed bioinspired PVA(b-PVA) was employed to form a relative 
 biocompatible surface of a collagen-modified b-PVA, which might provide more 
suitable characteristics for cell adhesion and growth. Some domains in collagen 
molecules, such as Phe-Hyp-Gly segment, could act as ligands for the integrin family 
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receptors of cell surface and potentially activate specific biological signals to promote 
cell attachment and proliferation. The fully open cell and open foam-wall micro-
structure of b-PVA was maintained after preparation of collagen-modified b-PVA 
(Figure 16). The b-PVA and bovine Achilles tendon type I collagen were employed to 
prepare a bioinspired bovine Achilles tendon type I collagen-modified b-PVA com-
posite matrix with open-cell foam-wall microarchitectures. The hydrophilic hydroxyl 
group within b-PVA molecules might provide a good binding with the coated bovine 
Achilles tendon type I collagen molecules by using hydrogen bonding and Van der 
Waals forces [87, 88]. Similar behavior was observed by Zhou et al. [89]. The interac-
tion between b-PVA and bovine Achilles tendon type I collagen molecules within 
collagen-modified b-PVA was based on non-covalent interactions such as hydrogen 

Figure 14. 
Bioprinting applications of novel active liver-repairing membranes derived from synthetic soft polymeric 
materials with biomimetic 3D microarchitecture. (A) Active liver tissue-repairing membranes and (B) active 
dNBS-containing liver tissue-repairing membranes.

Figure 15. 
SEM photographs of HepG2 cells grew on the b-PVA after 72 h (scale bar x10 μm).
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bonding and Van der Waals forces. The hydrogen bonding would be the main force 
between PVA and collagen interactions, in which collagen molecule might act as a 
hydrogen donor and forms hydrogen bonds with the hydroxyl group of b-PVA [90]. 
The bioinspired soft matrix combined the structural properties of the synthetic PVA 
matrix with the high cell affinity of the type I collagen, thus enhancing the matrix 
cytocompatibility. Collagen was the dominant component of the extracellular matrix 
and had been widely used in tissue engineering due to its low antigenicity, good 
biocompatibility, biodegradability, and nontoxicity [91]. The FTIR analysis was 
employed to confirm changes of molecular structure after the surface modification 
on the PVA matrix with collagen molecules. The absorbances at ~3300, ~2930, ~1636, 
~1571, and ~1150 cm−1 were observed and characterized for amide A (N-H stretch-
ing), amide B(the asymmetrical stretching of CH2 vibration), amide I(hydrogen 
bonding between N-H stretching and C=O), amide II(N-H bending and C-N stretch-
ing), and amide III(C-N bending, and N-H stretching), respectively. Remarkably, 
the collagen-modified bioinspired PVA composite matrix showed quite different 
absorbance from original bioinspired PVA matrix in the region of 1200–1800 cm−1. 
After the biological surface modification on the b-PVA with collagen molecules, the 
resulting biological collagen-modified b-PVA still sustained a favorable biomimetic 
interconnected porous structure.

The morphology of the bioinspired collagen-modified b-PVA with high inter-
connectivity was investigated and confirmed. After 72 h of culturing, HepG2 cells 
were remarkably adhered to the bioinspired collagen-modified b-PVA and grew 
cover on the interface and inside of the open-cell porous microstructure. The SEM 
images intuitively displayed the growth and distribution of cells on the result-
ing bioinspired and collagen-modified b-PVA. HepG2 cells adhering to the type I 
collagen-modified b-PVA showed filopodia, which indicated that human hepato-
blastoma HepG2 cells on type I collagen-modified b-PVA in a relative better pro-
liferative condition than pure b-PVA. The stable adhesion and complete spreading 
could be observed in Figure 17. Majhy et al. reported that facile surface modifica-
tion of substrate could enhance the cell-substrate interaction from a non-adherent 
state for promoting cell culture [62, 92]. The HepG2 cells attached and grew in 
cluster on the bioinspired and collagen-modified b-PVA, which was quite different 
from original b-PVA. The bioinspired and collagen-modified b-PVA was conduc-
tive to HepG2 proliferation, migration, expression, and functionality maintenance. 

Figure 16. 
Interconnected microporous microstructure of medical drainage materials, (A) the original bioinspired PVA 
matrix and (B) the bioinspired collagen-modified PVA composite matrix.
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HepG2 cells proliferated actively and formed cell clusters more efficiently in the 
collagen-modified b-PVA than original b-PVA (Figure 18). The collagen of colla-
gen-modified b-PVA appeared to promote the growth and differentiation of the 
HepG2 cells. As shown in Figure 18, after 72 h, cells attached and grew well on the 
collagen-modified PVA composite matrix and a large number of pseudopods could 
be seen. The HepG2 cells would be evenly distributed on the surface of the pore of 
the b-PVA. Similarly, Moscato et al. reported that poly(vinyl alcohol)/gelatin hydro-
gels were good for growth of HepG2 cells [63, 93]. In the future, the bioinspired 
and collagen-modified b-PVA might serve as a promising liver cell culture carrier 
to be used in the biological artificial liver reactor. Both the type I collagen-modified 
b-PVA and the corresponding b-PVA could be considered as good materials for 
different tissue engineering applications. Furthermore, the type I collagen could 
be combined with dNBS to prepare new designed collagen/dNBS-modified b-PVA, 
which might provide additional 3D microenvironments within porous structure for 
cell adhesion and growth as shown in Figure 17. Also, the human hepatoblastoma 
HepG2 cells could be employed for evaluation of liver therapeutic application such 
as active liver-tissue-repairing membranes by using an extrusion-based bioprinting 
procedure as shown in Figure 14(B).

Figure 17. 
Design of (A) bioinspired PVA composite matrix and the corresponding (B) dNBS-modified biological 
bioinspired PVA composite matrix.

Figure 18. 
SEM photographs of HepG2 cells grew on the collagen modified b-PVA (scale bar x10 μm).
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4.3  Design of synthetic chitosan oligosaccharides-modified PVA composite 
matrix(COS/b-PVA) with 3D bioinspired structural foam-wall 
microarchitectures

Chitosan oligosaccharide (COS) is a biomaterial obtained by chemical or 
 enzymatic degradation of chitosan derived from shrimp and crab shells [94]. The 
resulting chitosan oligosaccharide(COS) is composed of 2–10 glucosamines linked 
by β-1, 4 glycosidic bonds and the molecular weight is up to 3900 Da. The b-PVA 
was soaked in chitosan oligosaccharide (COS) solution and then frozen-dried. 
Synthetic chitosan oligosaccharides-modified b-PVA composite matrix(COS/b-
PVA) with 3D bioinspired structural foam-wall microarchitectures was obtained. 
The open-cell microstructures were retained in chitosan oligosaccharides-modified 
polyvinyl alcohol(COS/b-PVA) (Figure 19). The connecting holes and the cor-
responding open channels were fully covered and filled with chitosan oligosaccha-
rides, which provide a controlled release system of active chitosan oligosaccharide 
molecules for wound managements. The water permeability of the resulting 
chitosan oligosaccharide-modified COS/b-PVA dressings was determined by ASTM 
D4491 standard test methods. The good water permeability was observed in a rela-
tive higher level than 80%, which would be contributed to specific clinic applica-
tions [94–96].

4.4  Design of soft polymeric materials with 3D bioinspired structural foam-wall 
microarchitectures using a mixed foaming procedure combined synthetic 
polyvinyl alcohol with natural chitosan

A new form of polymer blend, macroporous chitosan/poly(vinyl alcohol) (PVA) 
foams made by a starch expansion process, exhibits the functionalities of chitosan 
while avoiding its poor mechanical properties and chemical instabilities. The appro-
priate conditions for foaming are discussed using both insoluble and water-soluble 
chitosan. Both insoluble/PVA and water-soluble chitosan/PVA foams demonstrated 
interconnected and open-cell structures with large pore size from tens to hundreds 
of micrometers and high porosities from 73.6 to 84.3%. The chitosan/PVA with 
high interconnected and open-cell structures might have potential in the tissue 

Figure 19. 
(A) Photo of the designed permeable chitosan oligosaccharide modified polyvinyl alcohol complex foam (COS/b-
PVA) and (B) morphology of designed chitosan oligosaccharide modified polyvinyl alcohol complex foam 
(COS/b-PVA) dressing with fully open-cell and open-channel microstructures.
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engineering and bioprinting applications [97]. The clean airstream pore-foaming 
process for b-PVA could be employed to build up a blend-foaming process for prepa-
ration of chitosan/poly(vinyl alcohol) (b-PVA). The chitosan/poly(vinyl alcohol) 
(PVA) was obtained and applied for clinic treatments such as active tissue-repairing 
sponges (Figure 20).

5.  Clinic application of active tissue-repairing membranes by using 3D 
bioprinting and cells culture procedure

New biomimetic biomedical inventive design-thinking methods could be estab-
lished for design of new clinic application such as active tissue-repairing membranes 
by using 3D bioprinting and cells culture procedure [98].

5.1  Clinic application of synthetic soft active tissue-repairing membranes by 
using 3D bioprinting and cells culture procedure

The collagen-coating PVA could be employed as a 3D-bioprinting supporting 
scaffold for 3D bioprinting applications of a tissue-repairing membrane such as active 
skin-tissue-repairing membranes and liver-repairing membranes.

The collagen-coating b-PVA could be cultured HepG2 cell to design a liver-
repairing membrane as shown in Figure 15. Also, the bioprinting of a human skin 
substitute containing xeno-free cultured human EC, FBs, and PCs in a xeno-free bio-
ink (Figure 21(A)(A1)) containing human collagen type I and fibronectin layered 
in a biocompatible collagen-coating b-PVA supporting scaffold (Figure 21(A)(A2)). 
After cells of EC, FBs, and PCs being cultured and transferred into the biocompat-
ible collagen-coating b-PVA supporting scaffold (Figure 21(A)(A3)), a designed 
active skin-tissue-repairing membranes containing human EC, FBs, and PCs could 
be obtained for clinical treatments (Figure 21(A)(A4)). Furthermore, dNBS 
could be introduced into the bioink (Figure 21(B)(B1)) containing EC, FBs, PCs, 
and dNBS, human collagen type I, and fibronectin and layered in a biocompatible 

Figure 20. 
Active tissue-repairing sponges made from chitosan/poly(vinyl alcohol) (Supported by Cenefom and PARSD).
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collagen-coating b-PVA supporting scaffold (Figure 20(B)(B2)). The collagen-
coating b-PVA could be cultured EC, FBs, and PCs with dNBS (Figure 20(B)(B3)) 
to obtain a novel active dNBS-containing skin-tissue-repairing membranes contain-
ing human EC, FBs, PCs, and dNBS (Figure 21(B)(B4)). Independently, human 
KCs were introduced into a xeno-free bioink (Figure 21(C)(C1)). Furthermore, the 
collagen-coated PVA could be bioprinted with the resulting KCs bioinks (Figure 
20(C)(C2)) and cultured with xeno-free human KCs (Figure 21(C)(C3)) to form 
active epidermal tissue-repairing membranes for clinic application in wound man-
agement (Figure 21(C)(C4)).

For the clinic applications, the novel active skin dermal tissue-repairing mem-
branes, dNBS-containing active skin dermal tissue-repairing membranes, and active 
skin epidermal tissue-repairing membranes could be applied directly on the target 
wounds for different repairing steps such as dermal repairing (Figures 22(A) and 
23(A)) and subsequently epidermal repairing (Figures 22(C) and 23(C)). Also, the 
additional PBS or saline could be employed to transfer the cells within the wound 
dressings onto the surface of wound depending on the clinic needs for different 
repairing steps such as dermal repairing (Figures 22(B) and 23(B) and subsequently 
epidermal repairing (Figures 22(D) and 23D)). The dNBS-containing active skin 
repairing wound dressings could provide a natural biomimetic 3D microarchitecture 

Figure 21. 
Bioprinting applications of novel active skin-repairing membranes derived from natural and synthetic soft 
polymeric materials with biomimetic 3D microarchitecture. (A) active skin dermal tissue-repairing membranes, 
(B) active dNBS-containing skin dermal tissue-repairing membranes, and (C) active skin epidermal tissue-
repairing membranes.
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for promotion of cell growth. The collagen-coating PVA matrix was considered as a 
good cell carrier for cell culturing and transferring.

6. Conclusions

Design and characterization of natural and synthetic soft polymeric materials 
with biomimetic 3D microarchitecture were considered. The natural soft polymeric 

Figure 22. 
Novel active skin-repairing membranes derived from synthetics oft polymeric materials with biomimetic 3D 
microarchitecture for wound managements. (A) Active skin dermal tissue-repairing membranes without 
transferring assistances, (B) active skin dermal tissue-repairing membranes with transferring assistances, (C) 
active skin epidermal tissue-repairing membranes without transferring assistances, and (D) active skin epidermal 
tissue-repairing membranes with transferring assistances.
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materials would focus on new design bioinspired membranes containing supercriti-
cal fluids-decellularized dermal scaffolds for 3D bioprinting potential applications. 
Synthetic soft polymeric materials would focus on b-PVA with structural foam-wall 
microarchitectures. The b-PVA was designed, prepared, and showed relative higher 
interconnectivity than commercial medical soft matrix, which could be considered 
as a good potential scaffold for tissue engineering. Furthermore, the b-PVA was 
employed to prepare a highly biocompatible collagen-modified b-PVA composite 

Figure 23. 
Novel active dNBS-containing skin-repairing membranes derived from synthetic soft polymeric materials 
with biomimetic 3D microarchitecture for wound managements. (A) active dNBS-containing skin dermal 
tissue-repairing membranes without transferring assistances, (B) active dNBS-containing skin dermal tissue-
repairing membranes with transferring assistances, (C) active dNBS-containing skin epidermal tissue-repairing 
membranes without transferring assistances, and (D) active dNBS-containing skin epidermal tissue-repairing 
membranes with transferring assistances.
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matrix after surface modification with type I collagen. In the future, the collagen-
modified b-PVA composite matrix might serve as a promising liver cell culture carrier 
to be employed in the biological artificial liver reactor.
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Abstract

Novel metal oxide-doped fluorophosphates nano-glass powders were syn-
thesized by melt quenching method, and their non-toxicity is proved by MTT. 
Their efficacy in bone formation is confirmed by osteocalcin and ALP secretion. 
Composites were made using PLA, PDLLA, PPF, or 1,2-diol with fluorophosphates 
nano-glass powders (AgFp/MgFp/ZnFp). Their non-toxicity was assessed by cell 
adhesion and MTT. The ability of the composite for bioconversion was assessed by 
RT-PCR estimation for osteocalcin, Collagen II, RUNX2, Chondroitin sulfate, and 
ALP secretion accessed by ELISA method. The animal study in rabbit showed good 
callus formation by bioconduction and bioinduction. The bioconversion of the 
composite itself was proved by modified Tetrachrome staining. From the 12 differ-
ent composites with different composition, the composite PPF+PDLLA+PPF+ZnFp 
showed the best results. These obtained results of the composites made from com-
mon biological molecules are better than the standards and so they do biomimic as 
bone substitutes. The composites can be made as strips or granules or cylinders and 
will be a boon to the operating surgeon. The composite meets nearly all the require-
ments for bone tissue engineering and nullifies the defect in the existing ceramic 
composites.

Keywords: fluorophosphate, nano bioactive glass, bioconversion, bone substitute, 
synthetic bone graft

1. Introduction

Scientists have tried natural polymer, synthetic polymer, various ceramics, and 
composites, etc., as bone graft substitutes. An ideal bone substitute should be non-
toxic, osteoconductive, osteoinductive, bioconvertable, physical properties should 
be near to that of normal bone, should be cost-effective, easily sterilizable, and be 
feasible for bulk production. The commonly available bone graft substitutes do not 
meet all the above requirements [1, 2].

The materials that were put to use initially were ceramics (hydroxyapatite 
and tricalcium phosphate) as bone graft substitutes. Hydroxyapatite was only 
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osteoconductive and rarely was converted to bone even after years [3, 4]. It was not 
useful in replacing weight-bearing function. Tricalcium phosphate had minimal 
osteoinductive capacity along with osteoconduction but had no bioconversion 
capability [5, 6].

To have the advantage of bioconversion, certain specific bone hormones such as 
“Bone Morphogenic Protein” (BMP) came into use. “Demineralized Bone Matrix” 
(DBM) was also marketed as bone graft substitute, which was discovered by Urist [7]. 
The essential problem in their use is the phenomenal cost involved, and they had good 
osteoinduction but were not good osteoconductors. Hench [8] came out with the 45S5 
glass, which was a breakthrough as it was made from cheap chemicals, was osteo-
conductive as well as osteoinductive, was able to merge with the natural bone, and is 
commercially available. The drawback with 45S5 glass is their very slow resorption, 
the longer time taken for bioconversion, and their inability to be used as a weight-
bearing implant. The time taken for bioconversion was a drawback in reducing the 
duration of morbidity of the patients. To circumvent these problems, silica-free 
phosphate bioglasses and metal-oxide-doped bioglasses entered into these fields.

Over decades, orthopedic surgeons know chronic ingestion of fluoride in abun-
dance leads to fluorosis, an ectopic bone-forming condition [9]. This was used to our 
advantage, and the ideal concentration of fluoride in the ceramics network was stan-
dardized. The evaporation of fluorine from the fluoride compound was circumvented 
by the new methodology of preparing fluoride bioglasses by melt quenching.

Standardization of the ideal mole percentage of fluoride resulted in the inven-
tion of fluorophosphates glasses, which are much more bio active than other types 
of phosphate and silica glasses and had a higher rate of bioconversion and faster 
resorption [10, 11]. Doping them with metal oxides improved their physical prop-
erties and brought the elastic moduli close to that of the human bone. Scaffolding 
the fluorophosphate glasses was essential to bring the molecule for clinical use 
that will bridge the gap between the need of the surgeon and the capability of the 
scientist.

This novel synthetic composite is made from bioinert polymers comprising poly 
lactic acid, poly D, L -Lactic acid, and bioactive polymers consisting of polypropylene 
fumarate, diester of fumaric acid, and 1,2 propylene diol and a bioactive inorganic 
component consisting of a metal-doped fluorophosphates nano glass powder. It can 
be fabricated as granules, scaffolds such as strip and cylinder. The plurality of the 
shapes that can be made gives additional advantage to the surgeon.

The standard biomaterial should mimic the biological process in the microenvi-
ronment simply denoted as “Biomimetics.” The selected three different metals have 
beneficial properties as follows: (a) Silver: The best antimicrobial agent is especially 
in wound healing and skin care. (b) Magnesium: It plays a vital role in bone structure 
development and also acts as dietary supplement in medicine. (c) Zinc: It involves in 
DNA synthesis, gene expression, and wound healing. Also, the degradation products 
of the biocompatible polymers (PLA, PDLLA, PPF, and 1,2-diol) all enter the Kreb’s 
cycle and excreted. So, the metal oxides and the polymers induce bone formation by 
stimulating the genetic pathway of bone formation and so are biomimetic.

2. Materials

Poly lactic acid (PLA) and poly DL-lactic acid (PDLLA) were procured 
from BioDegmer® Japan. Polypropylene fumarate (PPF) was prepared by 
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transesterification method [12]. The di-1,2-propanediol ester of fumaric acid (1,2-
diol) was prepared by azeotropic distillation, and its detailed explanation is available 
in previous publication [13].

The fluorophosphate glasses were prepared by melt quenching method and 
converted to nano particles by mechanical milling. The measured quantities of the 
required chemicals (Na2CO3, CaCO3, CaF2, P2O5, and ZnO/Ag2O/MgO) were taken 
in a ball mill and homogenized. The mixture was heated in a 10% alumina crucible 
for 1 h up to 120°C and cooled to room temperature. The material was again ball 
milled for 1 hr. The components were taken in a platinum crucible and kept in a 
furnace preheated to 1100°C for 90 min. Then the crucible with the material was 
quenched by plunging in liquid nitrogen. The formed glass was broken to pieces 
and milled for 48 h to obtain metal-oxide-doped nano powder of the specific 
fluorophosphates glass [14].

2.1 Gel foam casting under rapid heating

The required amounts of the PLA [15], PDLLA, PPF/1,2-diol, and AgFP/
ZnFP/MgFP were taken and dispersed in dichloromethane using a magnetic stirrer 
(300 rpm). Once the mixture was homogenized, the material was slowly poured 
over a hot glass plate (70°C). The rapid evaporation of dichloromethane leads to 
the generation of random pores in the composite scaffold formed. After complete 
evaporation of the solvent, highly interconnected porous scaffold with homogeneous 
distribution of the components was obtained. The scaffold thus made can be ground 
to granules, cut into strip, or rolled into cylinder [16].

To know the significance of PDLLA, scaffolds were fabricated with or without  
PDLLA [17]. The fabricated composites are:1. PLA+1,2-diol+AgFp, 2. PLA+PDLLA+ 
1,2-diol+AgFp, 3. PLA+PPF+AgFp, 4. PLA+PDLLA+PPF+AgFp, 5. PLA+1,2-diol+ 
ZnFp, 6. PLA+PDLLA+1,2-diol+ZnFp, 7. PLA+PPF+ZnFp, 8. PLA+PDLLA+PPF+ZnFp,  
9. PLA+1,2-diol+MgFp, 10.PLA+PDLLA+1,2-diol+MgFp, 11. PLA+PPF+MgFp, 12. 
PLA+PDLLA+PPF+MgFp.

3. Methodology

3.1 In vitro evaluation of the scaffolds

3.1.1 Metal-doped fluorophosphates nano bioglasses.

The biological activity (cell viability, attachment, and proliferation) of the 
metal-doped fluorophophate nano bioglass was ascertained by cell adhesion and MTT 
assay; Potential osteogenic differentiation was ascertained by (Alkaline Phosphatase 
Activity) and non-collagenous protein (intra and extracellular osteocalcin) of the 
nano glass, in relation with MG63 cell lines.

3.1.2 Scaffolds (PLA+PDLLA+PPF/1,2-diol+AgFp/ZnFp/MgFp)

The significance of the pores in the scaffold was assessed by calcein AM study 
and MTT evaluation. By following standard Kokubo protocol, simulated body fluid 
(SBF) was prepared. All the fabricated scaffolds were cut into 2X2cm2 size. The 
scaffolds were placed in 20 mL SBF filled glass container, for a period of 21 days at 5% 
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CO2 incubator (Heraus – Germany). The pH variation was noted everyday using pH 
meter E1 model. After 21 days, the scaffolds were carefully removed; dried in laminar 
air flow for 48 h. The variation in the pH over 21 days was noted. The deposition 
of hydroxyapatite and fluorapatite was investigated by FTIR and SEM_EDAX. The 
toxicity of the different composites with different composition of the components 
was ascertained by the MTT in relation to the SaOS2 and human endothelial cell lines. 
Their efficiency in enhancing secretion of alkaline phosphatase and chondroitin 
sulfate, the ground substance of the bone was measured by ELISA method. The abil-
ity of the composites in the secretion of osteocalcin, Collagen II, RUNX2 was assessed 
by RT-PCR method. The porosity and micro-architecture in the multilayered scaffold 
were assessed by Micro-CT evaluation with GE SRμCT analyzer.

The primers used for PCR were as follows:

• Collagen type II

• Forward primer: CATGAGGGCGCGGTAGAGA.

• Reverse Primer: ATCCCCTCTGGGTCCTTGTT.

• Product length: 296.

• Osteocalcin.

• Forward primer: TCACACTCCTCGCCCTATTG.

• Reverse Primer: CTCTTCACTACCTCGCTGCC.

• Product length: 132.

• RUNX2Sequence (5′- > 3′) Template strand Length Start Stop Tm GC% Self 
complementarity Self 3′ complementarity.

• Forward primer CCACCGAGACCAACAGAGTC Plus.

• Reverse primer GTCACTGTGCTGAAGAGGCT.

• Product length: 119.

The analysis of the results was performed using ABI PRISM® 7000 Sequence 
Detection System software that enables more sensitive and accurate estimation of the 
relative gene expression.

3.2 In vivo studies

3.2.1 For granules

The in vivo studies were conducted with the Ethics committee approval 
(Ethical committee approval no. ABS/IAEC/18-10-2019/003-). A single spe-
cies of Orictologuscuniculus was purchased from King Institute, Chennai, India, 
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and domesticated over a period of 2 weeks. The day-night rhythm was main-
tained and was fed on good nourishing food. The adaptation was confirmed 
by the gain in weight of 150 g in 2-week time. (1800–1950 g).The composite 
(PLA+PDLLA+PPF+AgFp) granules were prepared by grounding the scaffold and 
sterilized by ethylene oxide gas.

The animal was given a premedication of pedichloryl syrup (2.5 mL) 30 minutes 
before surgery. Intramuscular ketamine anesthesia was given in the dose of 45 mg per 
kilogram body weight and waited for 10 minutes to get the full dissociated anesthetic 
effect. The anesthetic effect was maintained by oxygen and sevoprim inhalation 
through mask (Figure 1).

The left thigh was repeatedly painted with 10% povidone iodine and ethylene 
alcohol. Xylocaine 2% with adrenaline was injected in the line of incision as an addi-
tional analgesia and also a hemostatic agent. The skin incision made on the anterolat-
eral aspect was rolled down to expose the posterior boarder of the quadriceps muscle. 
Using sharp dissection, the muscle was slit open and enlarged by thin bone spikes 
to expose the anterolateral aspect of the thigh bone. Using an electric dental burr of 
1 mm, a trough was made for a length of 2 cm.This exposed the medullary cavity. It 
was packed with the sterile composite powder. Liberal saline wash was given to wash 
off the spilled over composite materials. The spikes once removed the muscle fell 
back into position completely covering the bony trough. The two 3–0 vicryl stitches 
were used to close the muscle. The skin incision, which was far away from the bone 
work, was closed with 3–0 ethilon. A single dose of ceftrioxazone 250 mg was given 
intramuscularly.

3.2.2 For strip

The in vivo studies were conducted with the Ethics committee approval (Ethical 
committee approval no. ABS/IAEC/18-10-2019/003-). Three male rabbits were 

Figure 1. 
In vivo study in rabbit (granules-PLA+PDLLA+PPF+AgFp) [A-thigh preparation, B - femur exposed, C - gutter 
in the femur, D - gutter filled with granules E - Wound closed by sutures.
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procured and domesticated in the same way as explained before. The AgFp/ZnFp/
MgFp composites were made with PLA+PDLLA+PPF by gel foam casting under rapid 
heating. They were of 1 mm thickness and cut into size of 2X20mm. The cut speci-
mens were sterilized by ethylene oxide gas sterilization.

The animals were anesthetized, limb prepared, and femur exposed as described 
in the previous section. Narrow cuts were made with no.701 conical dental burr at an 
angle of 45° to the femur to make it extremely thin cut. The 3–0 vicryl was threaded 
around the femur and both the ends were kept free. Two layers of the 2X20mm steril-
ized composite strips were kept over the cut made allowing the marrow blood to soak 
the specimen. The vicryl was tied around the specimen so that the specimen does not 
slip or move away and the wound was closed in layers. The procedure was done for all 
the three specimens, one on each animal (Figure 2).

The animals were cared for the postoperative period with nourishing food. 
The day 1 X-ray did not show the specimen in either view as the specimens were 
translucent to the X-ray. The X-ray evaluation was done under sedation on the 
first, ninth, and 16th day. Clinical union occurred as early as the 15th day. The 
CT evaluation was done on the 19th day. The animals were euthanized as per 
the protocol and the limb harvested, denuded of skin and muscles, and bone 
preserved in 10% formalin. The X-rays of the specimens taken and then sent for 
histopathological evaluation in both EH stain and modified tetrachrome stain. 
The procedure adapted is shown in the serial photographs in Figure 2, where 
two layers of 1 mm thick strips have been placed over a very narrow corticotomy 
wound in the shaft of femur and have been retained in position by a single 3–0 
vicryl encircling knot.

Figure 2. 
In-vivo study in rabbits (strip -PLA+PDLLA+PPF+AgFp). [A - Thigh preparation, B - Femur exposed, C - Cut 
in the femur, D - Two strips one above another over the cut, E - Maintain position by vicryl knot].
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4. Results and discussions

4.1 Metal-doped fluorophosphates nanobioglasses

Alkaline phosphatase (ALP) is an osteogenic differentiation marker at all the stages 
from the differentiation of the mesenchymal cells to the mineralization front. Hence its 
enhanced secretion is considered as a vital factor to choose the ingredient for the com-
posite for Bone Tissue Engineering (BTE). The obtained results (Table 1) indicated 
that AgFp and MgFp showed consistently raised levels at all concentration from 0.1 to 
100 μg/mL, whereas ZnFp showed increased secretion only at lower concentrations of 
0.01 and 1 μg/mL [18, 19].

Bone is a composite of the ground substance reinforced by multiple collagens and 
mineralized by hydroxyapatite [20]. Though various collagens are present in various 
parts of the body, osteocalcin is found exclusively in bone. It is also an excellent gene 
marker of bone induction. The ability of the ionic dissolution products of various FP 
glasses in various concentrations was evaluated for their efficiency to promote osteocal-
cin secretion. While the extracellular expression of osteocalcin [21] showed increase than 
the control only with ZnFp and MgFp, (Table 2) intracellular osteocalcin was raised in 
most of the glasses, but significant raise was present in ZnFp, MgFp, and AgFp glasses 
and was more when the concentration of the products of dissolution was 10 μg/mL.

The calcein AM study was used to assess the cell wall integrity and the double 
staining to assess the cytotoxicity showed specific features. The control group of cells 
was not only brilliantly green but also showed homogeneous spindle shape, indicating 
the integrity of cell wall and the metabolic potential. The addition of PPF to the basic 

Samples ALP (μg/mL)

0.1 1 10 100

AgFp 156.2 132.3 148.3 140.5

ZnFp 136.8 139.6 125.5 129.8

MgFp 143.7 143.4 148.0 138.3

Control 130.3

Table 1. 
Alkaline phosphatase activity of metal-doped fluorophosphates nano bioglass powders.

Samples Intracellular (Concentration (μg/mL)) Extracellular (Concentration (μg/mL))

1 10 100 1 10 100

AgFp 0.091 0.084 0.207 0.319 0.194 0.274

ZnFp 0.011 0.251 0.000 0.208 0.557 0.324

MgFp 0.091 0.084 0.207 0.469 0.300 0.317

Control 0.083 0.083 0.083 0.430 0.430 0.430

Table 2. 
Osteocalcin (intracellular and extracellular) activity of metal-doped fluorophosphates nano bioglass powders.
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components PLA+PDLLA increased the cell wall integrity and the addition of pores 
to the same increased the number of spindle shaped cells [22].

The addition of FP glass to the basic components PLA+PDLLA [23] with pores or 
without pores increased the number of cells phenomenally, but the quality of them 
was poor exhibited by their round shape rather than the spindle shape of the healthy 
cell. When all the components PLA+PDLLA+PPF and ZnFp glasses were added, both 
the intensity of fluorescence and the quality of the cells also increased, and it was 
more so when pores were present in the composite (Figure 3).The XPPF (cross-linked 
PPF) when replaced the PPF in the composite, there was only deleterious effect both 
in the fluorescence and the quality of the cells (Table 3).

From the above study, it can be inferred that the least toxic composite was that of 
PLA+PDLLA+PPF+ZnFp glass.

The three essential gene markers in the synthesis of bone from the stage of mesen-
chymal stem cells to that of the osteocyte maturation are Osteocalcin [24], Collagen 
II [25], and RUNX2 [26](Table 4). When the results were charted to scrutinize 
the fold change than the control, the fold increase in collagen II was highest with 
PLA+PDLLA+PPF+AgFp, and the highest fold increase in osteocalcin was also with 
AgFp but when constituted with 1,2-diol than with PPF. The highest fold change in 

Figure 3. 
Calcein AM study of composites.
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RUNX2 than the control was with ZnFp when combined with PLA+PDLLA+PPF. 
All the Mg-based composites fared poorly with all the three types of gene markers 
(Figure 4 and Table 4).

Sample name Mean SD % Cytotoxicity

PLA+PDLLA 50.60 0.19 49.40

PLA+PDLLA(porous) 48.21 1.21 51.79

PLA+PDLLA+PPF 43.70 0.78 56.30

PLA+PDLLA+XPPF 59.18 1.79 40.82

PLA+PDLLA+PPF+ZnFp 87.11 1.20 42.89

PLA+PDLLA+XPPF+ZnFp 42.70 1.36 57.30

PLA+PDLLA+PPF(Porous) 51.79 1.21 48.21

PLA+PDLLA+XPPF(Porous) 60.69 1.51 39.31

PLA+PDLLA+PPF+ZnFp(Porous) 78.37 3.92 21.63

PLA+PDLLA+XPPF+ZnFp(Porous) 69.53 1.71 30.47

PLA+PDLLA+ZnFp 54.23 0.47 45.77

PLA+PDLLA+ZnFp(Porous) 37.99 1.64 62.01

Table 3. 
Cytotoxicity of the prepared composites.

Composites MTT ALP  
(IU/mL)

CollagenII 
(Fold 

increase)

Osteocalcin 
(Fold 

increase)

RUNX2 
(Fold 

increase)

Chondroitin 
levels  

(ng/mL)

PLA+1,2-diol+AgFp 90.95 0.443 0.16 2.30 0.04 7.450

PLA+PDLLA+1,2-
diol+AgFp

79.84 1.915 0.81 4.70 0.55 11.540

PLA+PPF+AgFp 81.48 0.596 0.40 0.22 0.03 3.250

PLA+PDLLA+PPF+AgFp 81.13 1.406 4.40 3.20 0.50 5.430

PLA+1,2-diol+ZnFp 89.72 0.938 0.12 0.07 0.01 10.210

PLA+PDLLA+1,2-
diol+ZnFp

84.36 2.306 1.70 1.20 0.40 3.850

PLA+PPF+ZnFp 93.42 0.503 0.50 1.40 0.09 13.230

PLA+PDLLA+PPF+ZnFp 87.20 1.543 1.10 2.60 0.98 9.780

PLA+1,2-diol+MgFp 90.54 1.081 0.25 0.05 0.78 10.880

PLA+PDLLA+1,2-diol 
MgFp

81.48 1.208 0.93 0.19 0.78 8.210

PLA+PPF+MgFp 53.09 1.39 0.23 0.23 0.21 5.430

PLA+PDLLA+PPF+MgFp 86.42 1.544 0.53 0.24 0.20 10.210

Control 100 1.529 — — — 0.180

Table 4. 
MT, ALP, collagen II, osteocalcin, RUNX2, and chondroitin sulfate levels of composites.
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The results showed that all the 12 composites showed many fold increase in the 
secretion of chondroitin sulfate [27] than the control, immaterial of the component 
having 1,2-diol or PPF and the FPglass being either Ag, Zn, or Mg.

The pH variation of all the compression-molded specimens showed uniformly a 
reduction in the first 2 days, which is because of phosphoric acid formation. And all 
the specimens bounced back to 7 on the third day due to the alkaline earth metal (Na+ 
and/or Ca2+) release. The dissolution of the ions thus replaces H+ ions by cations (Na+ 
and/or Ca2+) leading to an increase in hydroxyl ion concentration. None of them went 
below 6.5 even in the first 2 days. From then on it showed a steady variation between 7 
and 6.7.

The strip and cylinders made by gel foam casting under rapid heating showed a 
better pH even in the first 2 days and never went below 6.8, and the end stage also 
showed higher pH than the scaffolds. The highest pH reached was with the strip of 
scaffold made by rapid heating method, and it was 7.15. This variation shows the 
better homogenezity and the porosity achieved by the rapid heating method, which 
avoids high acidic environment that can lead onto graft rejection [28]. The crystal 
formation over the strip and cylinder after in vitro evaluation is shown in Figure 5.

The predominant functional groups present in the composites were studied using 
their respective FTIR spectra:alcohol (3200–3500 cm−1), alkanes (2850–3000 cm−1), 
saturated ketone (1735–1750 cm−1), alkenes (1630–1680 cm−1), asymmetric methyl 
bend (1450–1470 cm−1), and methyl bending (1350–1395 cm−1). The presence of P-O 
bend (560–500 cm−1) bands indicates the formation of calcium phosphate(CaO-P2O5)
layer. The carbonate group (CO3)2− (1400–1550 cm−1) bands showed the crystalline 

Figure 4. 
Pie chart of the MTT,ALP, collagen II, osteocalcin, RUNX2, and chondroitin sulfate levels of composites of 
varying composition.
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nature of the HAp layer. The bands are observed at above 3500 cm−1, which cor-
responds to the OH group. After 21 days of soaking in SBF, the strong intensity and 
frequency shift of the (CO3)2-,P-O-P stretch and P-O bend groups reveal the interac-
tion of the composite and HAp precipitation [29].

The shoulder peak at 1450–1410 cm−1 coupled with the weaker peak at 870–
875 cm−1 corresponds to type B carbonate vibrations, whereas the vibration regions 
of type A carbonate are 1450–1410 cm−1 coupled with a band at 880 cm−1. The type 
A and B carbonates [30, 31] are indistinguishable in these scaffolds because the ester 
peaks also lie on the same region. Both type A and B carbonates are present in these 
scaffolds and their intensities are maximum at three selected scaffold composites 
(PLA+PDLLA+PPF+ZnFp, PLA+PDLLA+PPF+AgFp, PLA+PDLLA+PPF+MgFp), 
For the same composites, the corresponding peaks for HAp in rapid heating com-
bined gel foam casting are higher than the compression-molded scaffolds.

Although the HAp precipitation was noted in all the fabricated scaffolds, the 
intensity of the carbonated group (CO3)2−and phosphatebased group (P-O-P asym-
metric and symmetric stretch, P-O bend) was observed as high in gel foam casting 
under rapid heating.

The SEM evaluation of the scaffolds and strips was done after gold sputtering. 
(Model Ultra 55; Zeiss, Oberkochen, Germany). After evaluating the surface apatite 
formation, the specimens were cut into two halves and turned by 90°, and the depth 
of the apatite formation was measured. There was no significant change in the per-
centage, and it was infered that all the composites have near equal conversion once the 
pores allow penetration of the SBF inside except the absence of PDLLA had negative 
significance in the extent of crystalline conversion (Table 5).

The similar specimens were subjected to in vitro evaluations, which were ana-
lyzed by the same way in the same Scanning Electron Microscope to assess the degree 
of surface pores and the change in crystallinity after in vitro study. The photograph 
of a stirp of composite and a cylindrical composite, both made by gel foam cast-
ing under rapid heating, shows the retention of the shape after SBF immersion for 
21 days, but there was complete change in the color and the texture indicating the 
crystalline conversion. The SEM of scaffold in two different magnifications both 
before and after in vitro evaluation is shown in Figure 6, which shows very scarce 

Figure 5. 
Pre- and post-immersion photographs of the strip and cylinder.
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amount of crystallization in the pre in vitro evaluation and the homogeneous pores 
being well exhibited. After 21 days of immersion in SBF, the crystalline conversion 
is observed, and all the pores have been near completely clogged with the crystals 
formed [32, 33].

The SEM micrographs of the scaffolds (pre- and post-immersion). In pre-immer-
sion status shows specks of crystallization indicating the high hydrophilicity of the 
scaffold, and the post-immersion evaluation of the same shows complete formation to 
crystals, which proves the high bioresorbability of the scaffold. The SEM evaluation 
of multilayered scaffold made by rapid heating under low magnification shows the 
adequacy of pores. The pre-immersion and the post-immersion SEM micrographs 
clearly show the formation of sufficient crystals. The EDAX evaluation of the pre and 
post in vitro SEM confirms the high level of carbonated hydroxyapatite and fluroapa-
tite formation in the scaffold.

The Micro-CT (Figure 7) evaluation of the cylindrical scaffold made by gel foam 
casting under rapid heating proved the following factors: a) The scaffold had no 
layering and was continuous. b) There was adequate porosity and the pore sizes were 
varying. c) The pores were all well connected by interpores. The same specimen after 
in vitro evaluations had sufficient fomation of crystals with the preservation of the 
deeper pores [34].

4.2 In vivo studies

From the in vitro evaluation, PPF-based composites were shortlisted for in vivo 
studies.

Composites Crystallinity(%)

PLA+1,2-diol+AgFp 86.88

PLA+PDLLA+1,2-diol+AgFp 97.42

PLA+PPF+AgFp 49.36

PLA+PDLLA+PPF+AgFp 72.70

PLA+1,2-diol+ZnFp 59.54

PLA+PDLLA+1,2-diol+ZnFp 78.89

PLA+PPF+ZnFp 87.31

PLA+PDLLA+PPF+ZnFp 76.19

PLA+1,2-diol+MgFp 73.33

PLA+PDLLA+1,2-diol MgFp 78.68

PLA+PPF+MgFp 94.62

PLA+PDLLA+PPF+MgFp 82.09

PLA+PDDLA+PPF+AgFp(Strip) 73.62

PLA+PDDLA+PPF+ZnFp (Strip) 81.42

PLA+PDDLA+PPF+MgFp(Strip) 87.34

Table 5. 
Apatite conversion(%).
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Figure 6. 
Pre- and post-immersion of the scaffolds.

Figure 7. 

Micro-CT studies of the cylindrical composite. (A - Pre-immersion and B – Post-immersion).
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4.2.1 Granules

It was found that the femur had fractured and the ends were apart (Figure 8). 
Neither immobilization of the femur or any form of fixation was done. The rabbit was 
not limping and was feeding well. There was only a flare of the ends of the fracture 
and there was no evidence of any callus on the ninth postoperative day. After another 
week (Day 16), the limb when examined clinically had sound union. The X-ray taken 
showed abundant callus not only in the fracture end but all along the femur where the 
trough had been made and even below.

The animal was euthanized, the limb harvested, skin and muscles were peeled 
off, and an abundant amount of callus was found to have united the fracture very 
strongly. The dissected specimen were studied by X-ray and the specimen were 
preserved in 10% formalin.

The specimen was prepared and the decalcified specimen was sectioned axially 
to exhibit the two segments of the femur with the intervening tissue formed. The 

Figure 8. 
X-ray photographs of the opearted site in rabbit.

Figure 9. 
Histopathological study of the dissected specimen.
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specimen was stained using regular eosin-hematoxylin stain and also von kossa 
stain. (Figure 9).

The procedure done using granules of the composite has been serially shown in the 
photographs (Figure 1). Though the limb got fractured, it did not receive any specific 
treatment for it. Until ninth day, there was a scarce response to heal but by the 16th 
day it had soundly united. (Figure 8). The X-ray of the specimen after dissection 
showed the extension of the callus almost over the entire femur. The histopathologi-
cal evaluation was specifically focused toward the tissue between the fractured ends 
where the granules had been packed. The significant observations were: a) Nearly the 
whole of the granules had resorbed except occasional trace of it. b) Abundant carti-
lage had formed between the ends indicating the enchondral ossification. c) Woven 
bone formed in between the ends of the fracture was a proof of the rapidity of the 
fusion occurring. d) The absence of multinucleated giant cells indicates the biocom-
patibility of the composite. e) Similar features were observed in both the staining 
(Figure 9). The modified tetrachrome staining throws much more information than 
the above two. a) The new lamellar bone formed in continuity with the resorbing 
composite granule. b) The sound union by the woven bone formed from chondral 
ossification. c) The abundance of osteoblasts and the osteoid. d) An exuberant neo 
vascularization among the fibroblasts is well seen (Figure 10a–d) [35, 36].

4.2.2 Strip

The X-ray photographs show no evidence of the placed composite strip or the cor-
ticotomy made as the composite is not radio opaque and the furrow is very narrow. But 
the X-rays taken on the ninth day showed all three animals had fractured their femur. 
No specific treatment such as immobilization or interference was done for the fracture. 
Clinical union occurred as early as 15th day and was confirmed by X-ray on 16th day 
(Figure 11) and CT scan on 19th day (Figure 12). The harvested limb after euthanizing 

Figure 10. 
a-d represent the tetrachrome stain results of the granules (Composition: PLA+PDLLA+PPF+AgFp).
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the animal showed the composite strip was adherent to the bone underneath. The 
X-ray of the specimens showed abundant callus along the fracture (Figure 13) and the 
composite strip was not seen in the X-ray.

The histopathological evaluation showed the following features: a) Both the layers 
of the scaffold had merged into one layer. b) The composite had attached to the bone 
beneath. c) There was abundant woven bone formed beneath the composite strip at 
the level of the corticotomy. d) The second layer of the composite strip kept away 
from the corticotomy had profuse infiltration of fibrocytes. e) The fibrous change-
over in the superficial layer of the composite had abundant neovascularization These 
changes confirm the osteo induction potential of the composite, the ability of the 
composite to go for bioconversion, and high bioactivity of the composite [37–39].

The modified tetrachrome staining of the specimens with the cross section at the 
level of the composite confirmed the findings by EH stain and showed the additional 
features. Figure 14a shows conversion of the fragmented composite forming woven 
bone to heal the corticotomy made and the binding of the two layers of the composite 

Figure 11. 
Studies using composite strips: X-ray photographs of the operated site in rabbit.

Figure 12. 
Studies using composite strips: CT scan of the fractured leg in rabbit.
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strip and random infiltration of the layer close to the bone with fibroblasts and specks 
of osteiod. On higher magnification (Figure 14b), the fusion of the composite strip to 
the underlying bone by osteoid is well seen. On further magnification (Figure 14c), 
the infiltration of the composite by newly formed layers of osteoid is well made out 
replacing the dissolved area of the composite. Figure 14d shows the adhesion of the 
composite strip, the composite strip dissolving and disintegrating to form new woven 
bone healing the corticotomy, the abundant laying of new osteoid in the dissolved 
portion of the composite.

Figure 13. 
Studies using composite strips: Postoperative X-ray of the dissected specimen from rabbits. 
(A-PLA+PDLLA+PPF+AgFp; B-PLA+PDLLA+PPF+ZnFp; C-PLA+PDLLA+PPF+MgFp).

Figure 14. 
a-d represent the tetrachrome stain results of the strip (Composition: PLA+DPLLA+PPF+ZnFp).
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5. Conclusions

The novel composite of PLA+PDLLA+PPF+AgFp/ZnFp/MgFp meets most of the 
requirements of an ideal bone substitute, and it bridges the gap between the need 
of the clinician and the biomaterial scientist, more than the available present-day 
commercial ceramic composites. It is not only conductive like HAp but also inductive. 
It is more inductive than Tri calcium phosphate. It takes less time for resorption than 
Bioglass and the presence of fluoride makes the rate of bioconversion high. As the end 
products of all the four components of the composite are natural ingredients of the 
body and induce bone formation by enhancing the genetic pathway, the composite 
is a real biomimetics. Though small animal studies have proved the usefulness of the 
composite, their efficacy has to be confirmed in clinical situations in large animals 
before human trial.
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Chapter 5

Bio-Simulation of the Induction of
Forced Resonance Mechanical
Oscillations to Virus Particles by
Non-Ionizing Electromagnetic
Radiation: Prospects as an
Anti-Virus Modality
Nikolaos K. Uzunoglu

Abstract

The induction of acoustic-mechanical oscillations to virus particles by illuminating
themwith microwave signals is analyzed theoretically. Assuming the virus particle is of
spherical shape, its capsid consisting primarily of glycoproteins, a viscous fluid model
is adopted while the outside medium of the sphere is taken to be the ideal fluid. The
electrical charge distribution of virus particles is assumed to be spherically symmetric
with a variation along the radius. The generated acoustic-mechanical oscillations are
computed by solving a boundary value problem analytically, making use of Green’s
function approach. Resonance conditions to achieve maximum energy transfer from
microwave radiation to acoustic oscillation to the particle are investigated. Estimation
of the feasibility of the technique to compete with virus epidemics either for steriliza-
tion of spaces or for future therapeutic applications is examined briefly.

Keywords: virus mechanics, acoustic radiation biomedical effects

1. Introduction

The study of the physical properties of various types of viruses has attracted
significant interest from several interdisciplinary research groups during the last 10
years [1]. Mechanical properties of virus particles with diameters of 10–300 nm, in
particular the capsids enclosing the virus gene structures (DNA, RNA both single- and
double-stranded), have been studied experimentally using atomic force and electron
microscopy (AFM) [2, 3]. Also, elasticity theory methods are applied to conclude the
mechanical properties of virus particles [4]. Electric charge distributions of the virus
have also been studied by several researchers [5–9]. It is observed that under physio-
logical conditions of salinity and acidity, virus capsid assembly requires the presence of
genomic material that is oppositely charged to the core proteins [10]. Furthermore,
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few researchers have focused their research on the possibility of inducing photon-
phonon interactions [11] in virions, which are the virus causing infections [12–17].
Already resonance phenomena of the H3N2 and H1N1 viruses have been demonstrated
experimentally [18] , leading to a high rate extinction of them at a resonance micro-
wave frequency near 8 GHz. The physical phenomenon attributed to this interaction is
the separation of positive-negative electric charges on the body of the virus particles
and the coupling of microwave energy through the interaction with the three-
dimensional bipolar electric charge distributions, generating mechanical oscillations at
the same frequency. At specific microwave frequencies depending on the diameter and
other properties of the particle [19, 20], primarily the dipole acoustic mode, have been
claimed and strong coupling leading to high level virus killing rates have been demon-
strated recently [19, 20]. The effects of hydration levels on the bandwidth of micro-
wave resonant absorption induced by confined acoustic vibrations have also been
studied [21]. It should be stated that the involved phenomenon is of non-thermal
nature related to non-ionizing radiation, in this case being the I band microwaves (6–
10 GHz). Raman scattering phenomena [22] have also verified the existence of
acoustic-mechanical resonance phenomena in virus particles [23].

The recent ongoing Covid-19 worldwide pandemic [24] and its severe conse-
quences make it attractive to investigate the possibility of utilizing the above-
mentioned resonance phenomenon either in sterilization of spaces [25] such as clinics,
public venues, hospitals or in the future as a therapeutic modality in some cases. In
this direction, the possibility of utilizing similar methods used in microwave-induced
hyperthermia, to raise the temperature of malignant tumors inside the human body,
could be envisaged as a therapeutic modality. In fact, contrary to hyperthermia where
usually lower frequencies of 27–2450 MHz are used [26], in this case much higher
frequencies (6–8 GHz) were needed to be used. In some cases, ultrasound and laser
radiation modalities have also been used, in clinical hyperthermia, along the low-
frequency microwave radiation using endo-cavitary radiators. However, in the pre-
sent case, the interaction of non-ionizing radiation with tissues will be entirely differ-
ent from hyperthermia to compete with the virus populations. The rather high
frequencies used in the present resonance phenomenon pose a challenging problem to
penetrate with high-intensity electric fields inside the human body such as in the case
of the lungs. However, in the case of the larynx and throat and even some parts of the
lungs, endo-cavitary radiators [27], as done in hyperthermia, could be used. Finally,
since in the present case, the action of microwave radiation has the character of a
resonance interaction, it is foreseen not to need longtime irradiation, contrary to
hyperthermia, which in order to raise the tissues from 43 to 45oC needs usually 45–60
minutes. This principle allows to propose in present case short duration pulsed-
periodic high-intensity microwave signals [28, 29]. This is expected to alleviate to
some degree the penetration problem of electromagnetic energy to the human body.

In all the mentioned publications of this resonance phenomenon, the virus particle
is assumed of being an elastic particle, as was modeled by H. Lamb in 1887 [30] for the
oscillations of an ideal spherical isolated in space. In the present chapter, the mathe-
matical analysis is carried out also considering the surrounding medium of the virus
particle and taking into account the interaction of external microwave radiation with
the electric charge distribution of the virus particle. Based on the recently published
data on the structure [31] of the Covid-19 virion being 100–150 nm in diameter,
because of its reach liposome capsid with few proteins on it, the present work leads us
to adopt the model of the spherical virus particle as a viscous fluid while the outer
space is taken to be an ideal fluid, with different acoustic characteristics of the
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spherical particle. Furthermore, vortex phenomena in modeling the viscous virus
structure are neglected, since it is assumed that these are very weak and they have no
effect on the resonance phenomenon to be studied.

The bio-simulation of the forced oscillations of a virus particle is carried out in the
following mathematical steps presented with a flow diagram (Figure 1).

Figure 1.
A flow chart diagram of the bio-simulation analysis of the interaction of virus particles with electromagnetic waves
inducing acoustic oscillations inside the virus particle.
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2. Mathematical formulation of the phenomenon

A spherical particle of radius α, shown in Figure 2, is assumed to pose a continuous
electric charge distribution with spherical symmetry defined by the equation

ρq rð Þ ¼ Q
σ

1� 5
3

r
α

� �2� �
(1)

where Q is the total positive electric charge in the center of the sphere, σ = 8πα3

(3/5)3/2/15 is a normalization constant. The term 5/3 in the
Above Eq. (1) was selected to have the total charge of the particle to be zero, that is

to have a balance between the positive (inner r<α(3/5)1/2 region) and negative
(towards the external surface) charge distributions. It is evident that the particle could
have the opposite charge distribution and the same analysis is valid. The proposed
method is extendable to the case of non-symmetric charge distribution, and then
higher order modes will be excited.

The spherical model of the virus is assumed to be a compressible fluid, character-
ized by its homogenous mass density ρ1 acoustic wave propagation speed c1, and
total viscosity constant (dynamic and bulk) χ. Then, assuming ejωt as time depen-
dence, the propagation of acoustic wave phenomena is described by the following
field equations [32]:

3. Newton law

ρ1jωv1 rð Þ ¼ �∇P1 rð Þ þ x∇ ∇:v1 rð Þð Þ þ f (2)

where v1 is the velocity, P1 the pressure field and f is the force density (N/m3)
because of the electric charge distribution inside the sphere.

Figure 2.
Spherical model for the virus particle.
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4. Mass continuity equation

jωP1 rð Þ ¼ �c21ρ1∇:v1 rð Þ (3)

The force density term f in Eq. (2), taking into account the charge distribution
given in Eq. (1) and the incident electric field E rð Þ ¼ Eoẑ of the microwave radiation
propagating along the x-axis and polarized parallel to the z-axis (see Figure 2),
considering the size of the particle to be extremely small compared to microwave
radiation wavelength, is obtained to be:

f ¼ ρ1 rð ÞEoẑ (4)

Operating on the Eq. (2) the ∇: operator from the left-hand side, substituting
Eq. (3), Eq. (4) and rearranging the terms the following wave equation is obtained:

∇2
: P1 þ k21P1 ¼ Eouoz (5)

where

k1 ¼ ω=c1ffiffiffiffiffiffiffiffiffiffiffiffi
1þ jε

p , ¼ ωχ

c21ρ1
,uo ¼ � 10Q

3σα2
(6)

The pressure field outside of the particle assuming an ideal fluid is described by
two respective equations of Eqs. (2) and (3):

jωροvo rð Þ ¼ �∇Po rð Þ (7)

jωPo rð Þ ¼ �c2oρο∇:vo rð Þ (8)

where Po rð Þ is the pressure, vo rð Þ the velocity, ροthe mass density and co the
acoustic speed. Also combining Eqs. (7) and (8):

∇2Po rð Þ þ k2oPo rð Þ ¼ 0 (9)

where ko ¼ ω=co is the wave constant of the infinite space outside of the sphere.

5. Solution of the boundary value problem

5.1 The field expression inside the sphere r<α

The acoustic pressure inside the spherical particle being excited by the interaction
of microwave electric field component acting to electric charges, being inside the
spherical volume, could be described in terms of the primary (P10 rð ÞÞ and secondary
(P11 rð Þ) pressure fields [33].

In the analysis to follow spherical coordinates are used r, θ and φ being the radial
distance from the origin, θ being the angle measured from z-axis and φ the azimuth
angle.
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The primary field P10 rð Þ should satisfy Eq. (4) with the right-hand side inhomo-
geneous term. Based on Green’s theory, assuming the outside medium being infinite,
the primary pressure is determined by using the equation:

P10 rð Þ ¼ uo∭ SphereG1 r, r0ð Þ z’dr’ (10)

inserting z’=r’cos(θ’) and the expansion [34].

G1 r, r0ð Þ ¼ �jk1
X∞
n¼0

jn k1r<ð Þh 2ð Þ
n k1r>ð Þ

Xn
m¼�n

Ym
n θ, φð ÞY ∗m

n θ0, Φ0ð Þ (11)

where jn :ð Þ and h 2ð Þ
n :ð Þare the spherical Bessel and Hankel (second type)

functions,r< ¼ min r, r0ð Þ and r> ¼ max r, r0ð Þ, the angular spherical wave function

Ym
n θ, φð Þ ¼ jn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2nþ 1
4π

n�mð Þ!
nþmð Þ!

s
ejmφPm

n θ, φð Þ (12)

and Pm
n θ, φð Þbeing the Legendre function:

Substituting Eq. (11) into Eq. (10) and z’=r’cos(θ’), the fact the double summation
in Eq. (10) being limited on the terms m=0 and n=1 after the orthogonality of the
angular wave functions and the Bessel functions integral [35]

ðα
r¼0

j1 k1r<ð Þh 2ð Þ
1 k1r>ð Þr03dr0 ¼ a4j1 k1rð Þwo þ jr=k31

whith wo ¼ 3h 2ð Þ
1 k1að Þ � k1αh

2ð Þ
0 k1að Þ

� �
= a2k21
� �

leads to the result of the primary pressure field

P10 rð Þ ¼ jk1uoEo cos θð Þ a4j1 k1rð Þwo þ jr
k31

 !
(13)

Noticing that the primary field depends only to Po
1 cosθð Þ ¼ cos θð Þ angular function

(n=1 and m=0 terms), the secondary pressure field is written easily:

P11 rð Þ ¼ A j1 k1rð Þ cos θð Þ (14)

5.2 The field expression outside the sphere ( r>α)

Considering the excitation of only the wave with cos(θ) dependence and the
necessity of radiation condition to be valid for r ! þ∞ we can write easily:

Po rð Þ ¼ B h 2ð Þ
1 k1rð Þ cos θð Þ (15)

In Eqs. (14), (15), the unknown coefficients A and B are determined by imposing
the validity of the boundary conditions at the spherical surface r=α:

Continuity of pressure fields P10 þ P11 ¼ P0
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Continuity of radial velocities r̂: v1 rð Þ � v0 rð Þð Þ ¼ 0
Then the A and B coefficients are calculated easily after some algebraic operations.
The final solution for the secondary field inside the sphere and in particular for the

total pressure is obtained to be:

P1 ¼ a�2QEo cos θð ÞW (16)

W ¼ �j2:569k1a j1 k1rð Þwo þ jr
a4k31

 !
þ j1 k1rð ÞS

" #

S ¼ T=R

T ¼ ak1j01 k1að Þwo þ j
a3k31

 !
h 2ð Þ
1 koað Þa�1k�1

o � j1 k1að Þwo þ ja�3k�3
1

� �
h0 2ð Þ
1 koað Þ

R ¼ j1 k1að Þh0 2ð Þ
1 koað Þ � 1þ jεð Þj01 k1að Þh 2ð Þ

1 koað Þ ροk1
ρ1ko

6. Numerical calculations

After computing the pressure field as given in Eq. (16), it is shown that the “form
factor” W is a function of the dimensionless quantities k1a,koa, ροk1ð Þ= ρ1k0ð ), r=α and

the parameter related to the viscosity of the virus particle ε ¼ ωχ
c21ρ1

¼ koac2o
c21

� �
δ, where

δ ¼ χ= coρ1αð Þ is a quantity related to the total viscosity of the spherical virus particle.
Remembering that χ ¼ 4η

3 þ κ [36], where η,κ are the shear and bulk viscosity coeffi-
cients of a Newtonian fluid, we take the quantity δ as a “measure of the degree of
viscosity” in our calculations. Furthermore, the interest being on the maximum pres-
sure on the particle, we take θ ¼ 0 orπ on the two poles of the sphere where the
rupture of the virus capsid is sought.

In Figure 3, numerical results of the W “form factor” are given in the range
0:1< koa< 3:0 for various parameters of the ratios ρο

ρ1
¼ 1:05,1:1,1:2 and 1:3,

c0=1560m/s (speed of sound in the outer space), c1 = 1950 m/s (speed of sound inside
the sphere) . Meanwhile, the viscosity parameter is taken χ = 0.01 and χ = 0.001,
which corresponds to the total viscosity constant corresponding to δ = 0.1 and δ = 0.01
(N∙s=m2Þ. The numerical results show interesting resonance behavior when viscosity
is δ = 0.01. The phenomenon is stronger as δ decreases.

It is well known that the scattering of incident waves to a sphere (acoustic or
electromagnetic waves) shows resonance phenomena when the refractive index of the
spherical scatter has a large value. This phenomenon is well known in classical and
quantum physics (Regge poles). As mentioned in the introduction section several
researchers have foreseen this phenomenon. However, in the present analysis, the
adopted model and analysis takes into account, although in a simplified form, all the
involved mechanisms. The resonance is occurring near the angular frequency
ω=πco/(2a), which corresponds to the “dipole mode” of the spherical particle.

In order to assess the feasibility of utilizing the phenomenon to compete with the
virus populations, we need to calculate the pressure being developed at the spherical
surface. Placing in Eq. (16) r = α, 2α = 100 nm and Q = Neo, eo=1.62 x 10�19 Cb
(electron charge), N being the number of + or – charges we obtain after Eq. (16) the

103

Bio-Simulation of the Induction of Forced Resonance Mechanical Oscillations to Virus…
DOI: http://dx.doi.org/10.5772/intechopen.106802



pressure P1 =4∙10�5∙N∙Eo∙W, since W � 2:000 seeð Figure 3) following the data given
in ref. [9], the surface electric charge being σ ≤0:5eo=nm2 the virus area being As =
4πα2, we obtain N � 3∙104 and P1 �2.400 Eo (Pa). Then, if the imposed electric field
at microwave frequency is Eo = 1.000 (V/m) (this corresponds to a power density of
130 mW/cm2 much less used in hyperthermia treatments many times being 15.000
mW/cm2 as a continuous wave signal), we arrive to the estimation that the pressure
oscillation amplitude exerted on the two poles of the virus will be P1 � 2:4 MPa. The

Figure 3.
Dependence of W (Eq. (16)) function to koα. The W function is the “form factor” of the resonating spherical virus
particle and the resonance takes place when the R term takes maximum value at a specific microwave frequency,
which is inducing mechanical-acoustic oscillation through electric force interaction between electromagnetic wave
and electric charges.

Figure 4.
Dependence of W [Eq. (16)] function to koα in case of absence of viscosity.
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mentioned microwave field-generated pressure wave on the capsid surface seems to
be comparable with the bulk Young’s module being equal to 5 MPa (see the end of the
section ‘Methods’ of ref. [8]).

In Figure 4, computations in the case of zero viscosity are presented for various
ratios ρ1=ρο. The strong resonance phenomenon of the ratio ρ1=ρο is 1.3 while the
lowering of the resonance frequency as this ratio decreases while the peak value of W
has some variation.

The above initial results show that the argument expressed by the National Taiwan
University in their seminal paper of ref. [18] is verified theoretically with the present
model.

The microwave resonance frequency is computed easily known the value of k*=
koa the peak value is attained, that is fresonance (Hz)=k*c/(2πα) where c=3.108 (m/s) is
the speed of electromagnetic waves in vacuum.

7. Conclusions

A simplified model of a virus particle allowed to analyze the coupling phenomena
between microwave (electromagnetic) radiation and acoustic waves generated inside
the particle. Based on recent publications on virus physical and electronic properties
of viruses, similar to Covid-19, computations show the possibility of strong interac-
tions to generate rupture or capsid of the viruses. This action is based on the Coulomb
force exerted by the oscillating field on the inhomogeneous electric charges within the
spherical particle. The microwave resonance frequency—which is identical to the
acoustic wave—is in the region of 6–10 GHz.

The prospect of using the presented principle to sterilize public spaces, hospitals,
clinics etc. is an attractive proposition. The present microwave technology is available
for the development of this type of portable device. Moreover, the existing more than
40 years of experience in clinical hyperthermia, which is based on the use of low
microwave frequencies as an adjuvant therapy to treat many cancer diseases, makes it
attractive to investigate the possibility of developing technologies to implement the
mentioned idea in the future to depopulate virus populations inside the human body.
Before this, extensive in vitro trials in virus and cell cultures need to be carried out to
follow with animal trials as well.
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Chapter 6

Assessment of the Addition of 
Fluorapatite in Hydroxyapatite 
Coatings: Implementation 
Prosthetics/Bone in Vivo
Halima Feki Ghorbel, Awatef Guidara, Yoan Danlos, 
Jamel Bouaziz and Christian Coddet

Abstract

Hydroxyapatite (Hap: Ca10 (PO4)6 OH2)-Fluorapatite (Fap: Ca10 (PO4)6F2) 
composite coating on 316 L stainless steel, using the High-Velocity Oxy-Fuel Spray 
(SHVOF), was investigated. This work is an evaluation of the bioactivity of bone/
Hap–Fap composite coatings implanted in the tibia of the rabbit. A small amount of 
Fap (6.68, 13.26 and 26.52 w% Fap attributed to 0.25, 0.5 and 1% fluor) was intro-
duced into Hap. The fluorapatite provides more stable and adherent deposits. The 
characteristics of the coatings were investigated with various instruments including 
Scanning Electron Microscopy (SEM) and X-Ray Diffraction (XRD) and biological 
(in-vivo and in-vitro) tests. Hap−Fap coating showed excellent behavior in vitro 
and in vivo tests revealing that the Fap is effective in improving biocompatibility and 
bioactivity. This study draws inspiration from technological and biological selection 
solutions adopted by evolution, to transpose the principles and processes of human 
engineering.

Keywords: Fluorapatite, hydroxyapatite, high-velocity oxy-fuel spray,  
In-vitro/In-vivo test

1. Introduction

Research has never ceased trying to improve materials for bone and dental 
implants and the techniques used to synthesize them. To begin with, metals were 
the most widely adopted materials for implants. However, they were not without 
problems. Indeed, Schulze et al. assessed the effect of In-Vivo exposure to metal-
lic nanoparticles on bone marrow In-Vitro, revealing significant alterations in cell 
biology [1]. Similarly, in Total hip arthroplasty ‘THA’, the problem of implant loosen-
ing due to aseptic osteolysis, was observed to be triggered by wear particles from 
the implant articulating surfaces. The overall In-Vivo performance of metallic hip 
implants turned out to be comparably poor and caused some manufacturers to recall 
their products. Thus, several researchers turned to the study of various bioactive 
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ceramics, such as Hydroxyapatite (Hap), Tricalcium phosphate (TCP) and Bioglass, 
developed to activate bone regeneration [2]. Given its similar chemical and physical 
characteristics to bone, Hap was widely used as bone substitute material in orthopedic 
domain [3, 4]. However, when dispersed as nanoparticles Hap can cause inflamma-
tion by activating monocytes and neutrophils [4–6].

Within this prospect, Fluorapatite (Fap) was initially chosen for this purpose 
because of its fairly good biological and mechanical properties compared to β-TCP 
and hydroxyapatite (Hap) when used alone. Nevertheless, the long-term stabil-
ity of bioactive ceramic implants was criticized for at least two shortcomings: the 
presence of low solubility of the coating and the absence of high adhesion strength 
between coating and substrate [7]. Hence, as a solution to these problems, Dhert and 
Cheng proposed to maintain F-concentration down to the minimum level in order to 
decrease the solubility of fluorohydroxyapatite (FHa) [8, 9]. In a similar attempt to 
decrease the solubility of the coating, Wolke et al. recommended the use of a fluoride 
coating containing Hap [10]. Indeed, Hap and Fap constitute the inorganic compound 
of the human hard tissue. Unfortunately, Baltag et al. and Overgaard et al. reported 
that the high degradation rate of Hap coating in biological environments is a serious 
concern, which might be harmful to adhesion properties, resulting in undesirable 
debris and even delaminating, which eventually leads to the failure of the implant  
[11, 12]. Furthermore, the stability of Hap−Fap composites was also a source of con-
cern because dissolution or reprecipitation influences cell behavior [13]. Indeed, when 
Hap−Fap composites are suspended in SBF liquid, they can dissolve and precipitate 
rapidly, leading to ion release, change in the pH, size, and morphology [14, 15].

As a solution to these problems, some studies [16, 17], presented Fap as potential 
replacement for Hap in implants because of the higher degradation of the latter 
material in biological environments and its lower adherence. For these reasons, other 
researchers worked on developing the mechanical properties of coatings from Fap 
and Hap together to increase their efficiency. Bahandag et al. [17] studied the influ-
ence of Fap on the properties of Hap coating using thermal projection. These scholars 
revealed that Fap increases Hap coating crystallinity. Furthermore, the slow release 
of Fap reduces the delivering particles leading to the improvement of its osteointegra-
tion. Similarly, Chang et al. [18] showed that the fluorine ions improve the osteoblas-
tic cells’ proliferation and differentiation. Hence, scholars such as Fraz and Telle and 
Somrani opted for Fap as an additive to Hap and a replacement for pure Hap coating 
on metallic implants because of their chemical composition which is similar to the 
bone mineral [19, 20]. Mark and Brown confirmed this finding and explained that 
these materials presented good biocompatibility [21]. Particularly in dental prosthe-
ses, fluor is effective in inhibiting caries [22] and proves to be compatible with the 
human bone that contains approximately 1 wt% of fluor [23–25].

The second issue related to implants was the technique of synthesizing the chosen 
materials. Thermally sprayed bio-ceramic on metallic substrate was widely used in 
orthopedic prostheses given its great potential in bone regeneration activity In-Vivo. 
Among the adopted Ceramic coating techniques are plasma spraying, flame spraying 
and high-velocity oxy-fuel (HVOF) spray [26]. The Plasma spray process is the most 
commercially preferred technique for clinical applications. The use of bond coats to 
improve the surface properties of metallic substrates was also studied extensively in 
the thermal spray literature [27]. However, despite the abundance of research on Hap 
coating and on the mechanical properties and bioactivity of Fap, there is still a serious 
need to improve the synthesis, characterization and application of Fap−Hap coating 
composite. For this reason, this work intended to investigate the Fap (6.68; 13.26 and 
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26.52 w%)-Hap coating on the 316 L stainless steel using the SHVOF technique. The 
remainder of this paper is divided into three sections. Section two will present the 
characterization of raw materials and of as-sprayed apatite coating. Section three will 
exhibit the study of the bioactive behavior of samples using the simulated body fluid 
(SBF). Finally, section four will discuss the adhesion and biocompatibility of Hap and 
Hap-Fap coating on rabbit bone cells as applied through the SHVOF technique.

2. Materials and methods

2.1 Materials

The Fap powder was synthesized using a wet-chemical method [20]. A calcium 
nitrate solution was slowly poured into a boiling solution containing di-ammonium 
hydrogen-phosphate, and a 28% NH4OH solution was added to the mixture in order 
to adjust the pH to 9. The precipitate was filtered, washed, dried at 70°C for 12 h 
and calcinated at 500°C. The Hap powder with Ca/P ratio of 1.66−1.71 (Medicoat, 
HA-15-183, 95%) was used as base material. The Hap−Fap powders were mixed using 
a dried-mechanical method.

2.2 Methods

The Hap and Hap−Fap coatings were carried out on 316 L stainless steel discs by 
High-velocity oxy-fuel spray (SHVOF) using a Sulzer-Metco F4-MB (Switzerland). 
Before applying the coating, degreasing and grit blasting were carried out to make the 
substrate surface coarse and clean. The thermal sprayed process parameters are listed 
in Table 1. The coating thickness was evaluated using a micrometer (200 μm).

The simulated body fluid (SBF) which has ionic concentrations very similar to 
those of human plasma was used to study the bioactive behavior of samples. For this, 
a commonly used SBF solution of pH 7.4 was prepared according to the procedure 
recently described by Kokubo et al. [28]. Table 2 presents the ionic composition of 
the as-prepared SBF and compares it with that of human plasma. The Hap and Hap−
Fap coatings were cut in parallelepipedic slices of size 2*6*12 mm and then cleaned 
before being immersed in 100 ml of SBF. The temperature was maintained at 37°C.

The phase compositions of the coated samples were examined with an X-ray 
diffractometer (PHILIPS PANALYTICAL) and with a scanning electron microscope 
(JEOL JSM 5800LV). The roughness of the surfaces of both substrate and coatings 
was measured using Mitutoyo (ISO 1997).

Prosthesis implantation, for an “In Vivo” study in rabbits, was carried out in a 
laboratory of animal experimentation and approved by the faculty of medicine of 
Sfax and by the ethical committee of the Habib-Bourguiba University Hospital, Sfax; 

Starting 
powders

Ch4flow rate 
(L/min)

N2 flow rate 
(L/min)

O2 flow rate 
(L/min)

Spray flow rate 
(ml/min)

Spray distance 
(mm)

Hap 135 20 270 100 130

Hap-Fap 135 20 270 100 130

Table 1. 
Spray process parameters.
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Tunisia. The surgical operation was performed on the rabbit, by an appropriate 
medical team with respect for all the rules of asepsis. The shape and dimensions of 
prostheses are shown in Figure 1. They were carefully chosen after several graft tests 
in order to perfectly fill in the medullar canal of the Rabbit tibia.

These prostheses were then sterilized by 60CO gamma irradiation (Equinox, UK).
Five adult white rabbits, aged from 5 to 10 months, were used for the experiments. 

All surgical procedures were done under strict aseptic protocol. The animals were 
premedicated and anesthetized with a xylasine/ketamine mixture (10 mg/kg). The 
animal tibialis anterior face was shaved. After the injection, the animal was left at rest 
with its eyes closed for about 20 minutes. The skin was disinfected with a povidone-
iodine solution of 10% (Betadine, Medapharma). Local anesthesia (Unicaine 2%) was 
employed in the anterior tibialis face. Four cylindrical bars with a length of 37 mm 
and diameter of 4–5 mm (Figure 1) were placed in each animal. Surgical preparations 
for the cylinders were done using first a pilot drill and then a 2 mm twist drill. Careful 
drilling was done with a low rotary handpiece. The skin was sutured with interrupted 

Figure 1. 
Prostheses dimensions for implantation: Great diameter: 5 mm; small diameter: 4 mm; degree of inclination: 30° 
and length: 37 mm.

Ion concentration (mmol/l) SBF Blood plasma

Na+ 142 142

K+ 5.0 5.0

Mg2+ 1.5 1.5

Ca2+ 2.5 2.5

Cl− 147.8 103.0

HCO− 4.2 4.2

HPO2−
4 1.0 1.0

SO2−
4 0.5 0.5

pH 7.25−7.42 7.24−7.40

Table 2. 
Ion concentrations in supersaturated SBF solution prepared in the present study and in human blood plasma.
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threaded sutures. Skin was again soaked with a povidone solution. After 28 days 
the rabbits were sacrificed, and the implants extracted. The samples were stored in 
a formalin-based solution called BB’S and then included in methacrylic resin to be 
used for radiological testing of bone tissue. X-ray radiography was performed using 
a Faxitron X-ray system (Edimex, Angers, France) equipped with a camera (5X5 
CCD). The coatings were characterized by Scanning Electron Microscopy (SEM) and 
X-Ray Diffraction (XRD). Moreover, the bonding strength of the as-sprayed coatings 
was measured using a universal testing system. The microstructure of the detached 
surfaces was examined using SEM.

3. Results and discussion

3.1 Characterization of the different powders

Figure 2 shows the XRD patterns for Hap and Hap-synthesized Fap compos-
ite. This observation can have four implications. Firstly, Hap-diffraction peaks 
shown in Figure 2a can be indexed as typical hexagonal phases (ICDD 77−0120). 
These peaks situated at approximately 25.9, 32, 33.1, 40.1 and 46.7 correspond 
well to (002), (211), (300), (212) and (222) lattice planes of the classic hexagonal 
phase Hap-diffraction peak (a) can be indexed as typical hexagonal phase (ICDD 
77−0120). Secondly, it was clearly observed that the addition of Fap in Hap did not 
affect the diffraction peaks location shown in Figure 2b–d. However, the increase 
of Fap quantity in Hap powders shown in Figure 2b–d slightly increased the 
diffraction peaks intensity. This observation, in total agreement with the standard 
requirements, indicates that the crystallinity was well preserved. Thirdly, this 
observation confirms Feki-Ghorbel et al.’s previous claim that the crystalline stabil-
ity of Fap is greater than that of Hap [29]. Finally, this observation shows that there 
were no impurity diffraction peaks or phases in the XRD patterns of the Hap and 
Hap−Fap.

Figure 2. 
XRD patterns of powders: (a) hap; (b) hap−Fap (0.25 w% F); (c) hap−Fap (0.5 w% F) and (d) hap−Fap  
(1 w% F).
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3.2 Characterization of as-sprayed apatite coating

3.2.1 SEM analysis

The SEM micrograph shown in Figure 3 reveals a characteristic lamellar micro-
structure of thermal spray coatings. A typical surface microstructure HVOF sprayed 
Hap coatings are generally porous. The porous structure might be beneficial to the 

Figure 3. 
Surface microstructures of hap (a); hap−Fap (0.25% F) (b); hap−Fap (0.5% F) (c) and hap−Fap (1% F) (d).
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biomedical application involving the mechanical fixation by bone in growth. Firstly, 
indicate where you can see the microstructures in terms of Figure 3a–c.

Secondly, these observations were not the result of the same quantity of Fap. 
Therefore, the differences in microstructures can be the result of the quantity of 
Fap. This should be clearly explained. The microstructure of the Hap and Hap−Fap 
coatings consists of particles of different shapes and sizes: fully molten splats which 
are merged in each other (white circles in the photos), some small globular particles 
in the matrix give a dense appearance and others probably are the un-melted particles. 
No crack can be observed.

3.2.2 XRD analysis

Figure 4 shows the XRD patterns for Hap and Hap−Fap as-sprayed coating. We 
can observe the presence of the pattern peaks attributed to Fap and Hap. Diffraction 
peaks of Hap−Fap coating showed more intensity than that of Hap coating. This can 
be interpreted as an indication that the addition of Fap increases the crystalline phase 
of Hap coating. Hence, our XRD analysis confirms once more Feki-Ghorbel et al.’s 
previous claim that the crystalline stability of Fap is greater than that of Hap [29]. 
In addition, this result suggests that the HVOF spray parameters were optimized. 
Finally, the observation of a little amorphous phase implies that Fap can be chosen as 
a potential partial substitute for Hap.

3.2.3 Surface roughness

The surface properties of implants are of vital importance for implant tissue interac-
tion which further influences the biocompatibility for clinical use [30, 31]. Particularly, 
surface roughness alters osteoblastic attachment proliferation of bone cells and their 
differentiation and matrix production [32, 33]. The surface roughness parameters (Ra, 
Rq and Rz) for blasted stainless steels and for 316 L substrates coated by Hap and Hap−
Fap are shown in Figure 5. The HVOF spray treatment clearly modified the surface 
roughness of the samples (Ra). In fact, the average surface roughness of blasted steel 
substrate increased from1.5 to 2.9 ± 0.2 μm. Moreover, the addition of Fap improved the 

Figure 4. 
XRD patterns of powders: (a) hap; (b) hap−Fap (0.25 w% F); (c) hap−Fap (1 w%F).
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average surface roughness which reached 4.7 ± 0.2 μm for the Hap−Fap (w% 1 fluor). 
Such results are relevant for the clinical application of Hap−Fap coated implants. As was 
reported by authors [34, 35], the modification of the surface roughness of an implant 
significantly influences In-Vitro osteoblastic response. Furthermore, a better long-term 
In-Vivo response of the implant is achieved when the surface roughness is increased as 
the amount of bone in direct contact with the implant surface as well as the loads and 
torques required for extracting the implant from bone growth increase [28].

The comparison between the surface roughness results obtained in this work and 
those of the reported HVOF-sprayed and the flame-sprayed Hap coating [36–38] 
shows that the Hap−Fap coatings presented a comparative surface roughness while 
the addition of Fap yielded a higher roughness of the surface.

3.3 In-vitro tests

3.3.1 XRD analysis

Figure 6 presents the XRD patterns of SHVOF Hap−Fap (0.25 and 1 w% F) 
composite coatings in the function of immersion time in SBF. After each immersion 
time in SBF (0, 3 and 28 days), the examination of the coating surface shows the 
expansion of the diffraction lines group around 37° (2θ) corresponding to Hap phase. 
After a 28-day immersion in SBF, the XRD pattern presented a diffraction halo situated 
between 35° and 40° (2θ). The mineralogical phase analysis, using the software “High 
score”, allowed identifying the transition phases appearing on the Hap−Fap surface. 
The diffraction patterns can be attributed to a hydrated carbonated apatite layer. These 
patterns included lines of diffraction which can be mainly attributed to a carbonated 
apatite [00–012-0529]. An intensity peak around 34.5° which can be attributed to a.

Hydrated Apatite [01–077-0128] was also detected. The crystalline structure 
modification after a 28-day immersion in SBF produced a formation of a new carbon-
ated apatite precipitate covering all the Hap−Fap (0.25 w% and 1 w% F) surface.

Figure 5. 
Surface roughness measurements for the SHVOF sprayed hap; hap-Fap-coated 316 L along with that of the grit 
blasted uncoated 316.
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3.3.2 SEM morphologies

The bioactivity and biocompatibility of the Hap coating and Hap−Fap com-
posite coatings were evaluated by immersing the samples in SBF for 0; 3; 7 and 
8 days.

As shown in Figure 7, spherical-shaped particles were observed on the Hap 
surface of the coated material after three days of immersion in SBF. Figures 8 and 9 
confirmed with certainty the appearance of the new crystals on the Fap phase of the 
Hap−Fap composite on Hap−Fap at 0.25 and 1w% composite. As the immersion time 
increased, the crystals seemed to grow in size and to form an Apatite layer as shown 
after A 28-day immersion in SBF. This layer appeared to consist of many nano-sized 
crystallites with spherical morphology, as was observed by previous authors [39]. 
Feki-Ghorbel et al. [29] revealed that the incorporation of 1 w% of Fap into Al2O3 
promoted the apatite layer formation on the coating surface when soaked in SBF. 
According to Kokubo [28], the bone-bonding ability of a material depends on the 
ability of apatite to form on its surface in SBF. In light of this idea, we can say with 
much certainty that since we observed the appearance of the apatite crystals on the 
Fap phase of the Hap−Fap composite surface, then we expect to reach very encour-
aging results in the in vivo tests.

Figure 10 presents the micrographs of the SHVOF coating/bone interface follow-
ing sacrifice of the animal 28 days after the implantation.

The Hap (Figure 10a) and Hap−Fap (Figure 10b,c) composite coating exhib-
its a good adhesion with bone. The addition of Fap encourages the presence of 
crystalline forms interconnected and constituting an array at the Hap−Fap/Bone 
interface.

A Cross-section observation also confirms the presence of a thin apatite layer on 
the Hap-composite surface as shown by In-vitro tests. In this work, we have observed 
that the incorporation of a little amount of Fap (1w%) into Hap promoted the apa-
tite layer formation on the coating surface and could achieve bone-bonding when 
implanted in bone tissues, as do bioactive ceramics.

The understanding of the biological mechanisms involved in osteoconduction seems 
complex. In fact, the correlation between the microstructure and the biological activity 

Figure 6. 
XRD patterns of SHVOF hap−Fap composite coating in function immersion time in SBF: 0.25 w% F (a) and 
1w% F (b).
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can intervene to be able to interpret the results. Nevertheless, two facts should be kept 
in mind when dealing with calcium phosphate films. Firstly, as was previously stated 
[40, 41], the bioactivity of the calcium phosphates coating depends on the capacity of 
their surface nucleated crystallized carbonated apatite, like the osseous mineral from 
the biological fluids. Secondly, the calcium phosphate films are crystallized under 

Figure 7. 
SEM observation of hap surface after immersion in SBF solution.
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conditions such as the formation of the random nucleated spherulites, which can be 
considered as only a stage essential to the mechanism of the osteo-conduction. Hence, 
it can be concluded that the structural composition of the biomaterial’s surface has an 
influence on bioactivity. In this study, the addition of the various percentages of Fap in 
the Hap coating acted on the surface’s physical state and so increased its bioactivity with 
nucleated apatite spherulites on the biomaterial surface. As regards Hap/Fap composite 

Figure 8. 
SEM observation of hap−Fap (0.25 w% F) surface after immersion in SBF solution.
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coatings, after 28 days of immersion in the SBF and in contents raised in Fap (1% F), the 
observed transition phase can prove the presence of an amorphous neo-formed struc-
ture on the surface justifying the samples bioactivity.

Indeed, the important solubility of the amorphous phase increases the SBF 
oversaturation when in contact with the sample surface. Therefore, it triggers the 
nucleation of a neo-formed film similar to the osseous mineral. The SEM study of the 

Figure 9. 
SEM observation of hap−Fap (1w% F) surface after immersion in SBF solution.
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surface film morphology after 3, 7 and 28 days of incubation showed a large amount 
of extra-cellular matrix proliferation.

This matrix stems from the crystallized apatite layer which triggered the osseous 
regrowth. It is important to note that this new apatite phase will result in osteocon-
duction. The physicochemical reactions occurring on the surface of bioactive materi-
als could be decomposed into several stages described in the in vitro analysis above. 
Thus, the development of a layer of amorphous calcium phosphate occurred after 
a stage consisting of relegated ions forming a network of modifiers present in the 
deposits of the Hap−Fap matrix.

In chemical terms, this implies that Ca2 + ions present on the bone surface are 
quickly exchanged with the ions H+ present in the SBF. Hence, the amorphous 
precipitates of phosphate of calcium grow on the surface. In addition, the migration 
of the ions Ca2 + on the bone surface, the presence of PO4

3− in the Hap−Fap matrix 
and the existence of soluble phosphates in the SBF promote the bioactive phase 
formation.

At this stage, the amorphous calcium phosphate layer covers the coating surface 
containing an important amount of bioactive Fap. The calcium phosphates are 
crystallized thanks to the presence of the ions OH-, Mg2+ and carbonates CO3

2− in the 
middle. Then, the apatite carbonated phase occurs close to the bone mineral phase.

A Previous study, [16, 17] presented Fap as potential replacement for Hap in 
implants because of the higher degradation of the latter material in biological envi-
ronments and its lower adherence.

Figure 10. 
SEM observation of a. hap/bone interface (a); hap−Fap (0.25w%F)/bone interface (b) and hap-Fap (1 w% F) /
bone interface (c).
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4. Conclusions

To conclude, this investigation resulted in four important findings.
Firstly, this study demonstrated that the addition of Fap would produce a higher 

roughness at the bone surface which would certainly enable the osteoblastic cells to 
grow more easily. This would be very likely due to the fact that the more the surface of 
the bone is rough, the more it provides direct contact with the implant surface and the 
more it requires loads and torques for extracting the implant.

Secondly, the SEM observation of In Vitro tests confirms the formation of an 
Apatite layer on Hap and Hap−Fap coating after a 28-day immersion in SBF. The addi-
tion of 0.5w% and 1 w% Fap in the Hap coating increases the bone surface bioactivity 
through the growth of nucleated apatite spherulites on the biomaterial surface. In 
addition, it reduces the Hap phase solubility and leads to a stable amorphous layer.

Thirdly, this study revealed that the exchange of the calcium ions “ Ca2 + ” and 
the phosphate ions “ PO43− ” between the Hap-Fap matrix and the SBF promotes the 
bioactive apatite phase formation. This new apatite phase leads to osteo-conduction.

Fourthly, In Vivo tests showed partial resorption of the implant in the form of 
zones less dense than the bone. The presence of this area would indicate the new bone 
growth accompanied by a slight osteointegration.

Our results suggest that the addition of Fap into Hap is more suitable for implan-
tation of prostheses and for the study of bone substitutes. We can conclude with 
certainty that it represents the solution of choice the principles and processes of 
human engineering.

The bioactive behavior comparison of the two composites Hap-Fap with 
0.25 wt% F and 1 wt% F revealed that the increased Fap level until 1 wt% F is pre-
sented as a better choice because it allowed the implant to develop a better integration 
which will guarantee a more durable life.
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Abstract

Today, we are living in a polymeric era where thousands of daily used products are
manufactured from some polymeric materials with different tasks and under a wide
range of ambient conditions, including time duration of loading and working condition
temperature. This leads to focusing light spot on behavior of such specific materials and
investigating the strain associated with the applied stress to understand both of creep and
stress relaxation behavior of the loaded polymeric components. Hence, this chapter deals
with the estimation of induced strain allied with the applied force on a polymeric material
via establishing the so-called mechanical equivalent models starting from the simple
elastic element (spring with amodulus of elasticity E), simple viscous element (damper or
dashpot with fluid viscosity η), Maxwell model, Voigt model, modified Maxwell model,
modified Voigt model, and Maxwell-Voigt model. The theoretical analysis was built on
derivation of the prompted deformation, as a function of time in each of the employed
models, as a result of the applied external load (force) and then by depending on Hook’s
law transforming the gained expressions into stress (σ) and strain (ε) notation, followed
by comparing the obtained equation with the general formula of the Hook’s law to find
exact values of the constant and as coefficients of the stress and strain. Final theoretical
analysis showed that Maxwell’s modified model was the best describing behavior of a
loaded polymeric material to some extent followed by the other models.

Keywords: polymers, mechanical equivalent models, Maxwell model, Voigt model,
creep, stress relaxation

1. Introduction

Rheology is a branch of physical sciences concerned in the wide sense with the
deformation and flow of materials. Whereas, theoretical rheology aims to establish the
general laws of rising and development in time of deformation and investigate the
general properties of processes on a strictly mathematical basis. Applied rheology
establishes a bridge between the theoretical results and practical applications by
introducing certain additional simplifying assumptions. The rheological properties of
real materials are determined qualitatively and quantitatively by experimental
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rheology, which supplies the theory with new ideas and constitutes an ultimate basis
of its verification [1]. Observation of the physical facts and their superficial descrip-
tion, without looking for deeper causes of observed phenomena, is essential to for-
mulate a phenomenal approach in rheology. However, the final of rheology, as a
science, is to establish the relation of physical causes given conditions of deformation
and flow, to the known properties of the constituent particles of materials aspects of
rheology based on the nature of inter-atomic forces and the structure of the matter.
The concerns of rheology, with problems of flow and deformation of materials, its
ranges of interest are conventional, thus any kind of physical effect, which form their
definition is instantaneous (time-dependent) are considered from a rheological point
of view as particular or limiting cases. Especially, this is concerned with elastic and
plastic types of deformation. The classical theory of elasticity is founded on a linear
dependence between stress and strain and its time independence. Thus, when a loaded
elastic body exhibits an instantaneous response to the applied stress and if the physical
causes are removed, then the strain is fully recoverable. The assumption about the
smaller elastic strain allows us to apply the superposition principle for both mechan-
ical variables, the stress and the strain [2]. However, in investigating the mechanical
behavior of different conditions, behave themselves in accordance with the assump-
tions stated for elastic body. For example, when applying constant stress for an
extended time intervals, the resulting strain increases in time. On the other hand,
constant strain find a time-dependent decrease in stress. Thus, it is found that
mechanical properties of certain groups of materials are variable with time [3]. More-
over, it states that there is no one-to-one correspondence between stress and strain as
for an elastic body and at an arbitrary time-instant. The mechanical variables depend
on the past history of straining and stressing, respectively.

2. Creep and stress relaxation

In particular, the viscoelastic materials have the ability to increase their deforma-
tion in time by constant stress is called creep process, and the property of stress drop-
in time by a constant strain is the stress relaxation process, see Figure 1.

Figure 1.
(a) Creep and (b) stress relaxation mechanical behavior.
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Both of the above definitions are used in a narrower sense rather to specify a two-
time dependent physical function that describes the characteristic features of visco-
elastic behavior relaxation and creep. In general, both phenomena occur at any vari-
able stress and strain even simultaneously. In describing the rheological phenomena
by means of mathematical formulation, we usually follow some general principles
which are in accordance with our physical experience, on the other hand for particular
materials we make some constitutive assumptions on an experimental basis [4]. What
are restrictive conditions on the possible rheological processes? The physical relations
obtained in such a way are so-called constitutive equations or equations of state in
more or less general way stress and strain as the physical causes and the physical effort
respectively. The aim of deriving the constitutive equations is to characterize and
classify as adequately as possible the real material properties known from the experi-
mental data. The constitutive equation must be in general in agreement with the two
fundamental principles which secure its invariance. The first one is the principle of
objectively material properties. It simply states that the material properties are objec-
tive and cannot be dependent on the observer and lies point of view, no matter how
lies position is. Thus, according to the principle, if it is found that certain rheological
processes are described by a constitutive equation, then every process equivalent to it
is compatible with the same constitutive equation two equivalence of processes are
stated on the basis of the transformation relation of space and time [5].

In order to determine the relation of stress to a rheological process, we state in
agreement with physical experience the local character of stress. Thus, the stress at a
material particle depends on what happens only in an arbitrary small vicinity of the
particle. The distant parts of the body do not have a direct influence on the value of
stress at the particle considered. Further, we can use causality principle. It expresses
the fact that any physical process, at an arbitrary time-instant, may depend on what
occurred in all past instants, that is, on the past history of happenings only. These two
principles give rise to the concept of determinism for stress. According to this princi-
ple, the stress at a material particle in an arbitrary time is determined by the past
history of the rheological process in an arbitrary small vicinity of the particle. In
certain cases, we also assume some restrictive conditions on the possible motion
during a rheological process. These conditions are constitutive restraints connected
with the general features of geometry of the possible motion, for example the
assumption of in compressibility of a media.

The condition of incompressibility implies that every possible motion is
isochoric, that is, the deformational motion of rheology of a body occurs with a
constancy of volume. Thus, the density of the body does not change during the
process considered. Constitutive equations are presented in different mathematical
formulation for instance in the form of differential and integral equations and as
functional.

In general, the differential form of constitutive equation contains strain, strain
rate, stress, stress rate, and higher derivatives of both strain stress with respect to
time. It is also containing some explicit functions of time [3]. In the last case, the
physical properties of the material are variable with time independently of existing
stress state and must be given in advance. If there are some temperature changes, the
influence of which should be taken into account in the constitutive equation may
appear explicitly, temperature as a new variable [6]. Thus, in general, the differential
form of a constitutive equation contains may be written in form

f ε, _ε, €ε,… … ,σ, _σ,€σ,… … t timeð Þ,T temp:ð Þð Þ ¼ 0 (1)
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If the temperature T does not appear in the equation, the rheological process is said
to be isothermal; on the other hand, if the time-variable t disappears explicitly in the
equation, then the differential equation with constant coefficients.

3. Polymers

Polymers exist in nature in such forms as wood, rubber, jute, hemp, cotton, silk,
wool, hair, horn, and flesh. In addition, there are countless man-made polymeric prod-
ucts, such as synthetic fibers, engineering plastics, and artificial rubber. In certain
aspects, the deformation of polymeric solids bears a strong resemblance to that of metals
and ceramics. Polymers become increasingly deformable with increasing temperature,
as witnessed by the onset of additional flowmechanisms [7]. Also, the extent of polymer
deformation is found to vary with time, temperature, tress, and microstructure, consti-
tuting parallel deformations for fully crystalline solids. Furthermore, time–temperature
equivalence for polymeric deformation is indicated, which is strongly reminiscent of the
time–temperature parametric relations that will be discussed the basic features of the
polymeric structure that dominate flow and fracture properties will be also discussed.

4. Viscoelastic response of polymers

The deformation process of manymaterials depends to a varying degree on both time-
dependent and time-independent processes. It is known that when the test temperature is
sufficiently high, a test bar would creep with time under a given load. Likewise, were the
same bar to have been stretched to a certain length and then held firmly, the necessary
stress to maintain the stretch would gradually relax such response is said to be viscoelas-
tic. Since the glass and melting temperatures and most of the polymeric materials are not
much above ambient (and in fact may be lower as in the case of natural rubber) these
materials exhibit viscoelastic creep and stress relaxation phenomena at room temperature
(25°C). When the elastic strain and viscous flow rate are small (approximately 1 up to 2%
and 0.1, respectively) the viscoelastic strain may be approximately by:

ε ¼ σ f tð Þ Linear Viscoelasticity (2)

That is, (stress/strain) ratio is a function of time only. This response is called linear
viscoelasticity and involves a simple addition of linear elastic and linear viscous
(Newtonian) flow components [8].

When the stress–strain ratio of a material varies with time and stress, then:

ε ¼ g σ, tð Þ Nonlinear Viscoelasticity (3)

Stress–strain ratio is a function of time only = Linear viscoelasticity.
Stress–strain ratio is a function of time and stress = Nonlinear viscoelasticity.
The viscoelastic response is nonlinear. A comparison of creep behavior between

metals and polymers is clearly shown in Table 1.
On the basis of a simple creep test, it is possible to define a creep modulus as in the

next equation:

Ec tð Þ ¼ σo
ε tð Þ Creep modulus (4)
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where:
Ec tð Þ: Creep modulus as a function of time.
σo: Constant applied stress.
ε tð Þ: Time-dependent strain.
Now, a relaxation modulus Er tð Þ is defined as:

Er tð Þ ¼ σ tð Þ
εo

Relaxation modulus (5)

where:
Er tð Þ: Relaxation modulus as a function of time.
σ tð Þ: Time-dependent stress.
εo: Constant induced strain.
Both Ec tð Þ and Er tð Þ moduli are varying with time as a time-dependent deforma-

tion; thus, the designer of a plastic component must look beyond the basis tensile test
data when coupling the deformation response of a polymeric material. For example,
for εcritical there is a linear relationship σ ¼ Eεcritical but this material will creep, that is,
the level εcritical will increase with time, so to account for this additional deformation,
the designer makes use of isochrounus stress–strain curves derived from creep data.

5. Mechanical models analogy

There is a strong similarity between behavior of some specific mechanical compo-
nents, including (spring—elastic element and damper—viscous element) and the so-
called viscoelastic materials, including polymerics, so it is better to define the basic
two elements:

Spring as an elastic element, with stiffness K as indicated in Figure 2.
Damper is representing a viscous element with damping constant C exactly as

illustrated in Figure 3 below.

Creep behavior Metals Polymers

Linear elastic No Sometimes

Recoverable No Partially

Temperature range High temperature above 0:2 Th All temperatures above 200°C

Table 1.
Metals and polymers creep behavior comparison.

Figure 2.
Elastic element (linear spring) with stiffness constant K.
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Based on alternative layout and assembly of the above two mentioned elements,
there will be many equivalent models but the most popular equivalent mechanical
models are listed below [9]:

1.Maxwell model

2.Voigt model

3.Modified Maxwell model

4.Modified Voigt model

5.Maxwell-Voigt model

6. Deformation process in polymeric solids

The following mathematical relationships are describing the mutual dependence of
the main governing parameters, including the applied stress, the associated strain, and
Young’s modulus, in both cases of time-dependent and independent.

Tensile test Shear test

Case (a) ε ¼ σ
E γ ¼ τ

G Time-independent behavior (6)

Case (b) ε ¼ σ
η γ ¼ τ

η Time-dependent behavior (7).

Where:
ε and γ: Tensile and shear strain rates.
σ and γ: Applied tensile and shear stresses.
η: Fluid viscosity in terms of stress-time.
It is better to use viscosity η instead of the damping coefficient C in the coming

analysis. And the viscosity η is directly proportional to the ambient temperature T,
(η∝T) according to the Arrhenius-type relation as in the following equation:

η ¼ AeΔHRT Arrhenius equation (6)

Where:
ΔH: Viscous flow activation energy at a particular temperature.
T: Absolute temperature.
R: Universal gas constant.
A: Pre-exponential factor.

Figure 3.
Viscous element (damper) with damping coefficient C.

134

Biomimetics - Bridging the Gap



The viscosity depends on time, that is, at t = 0, the viscosity is extremely high,
while at t goes to infinity, is small. In other words, deformation is purely viscous upon
loading (t = 0) and is rigid to the dashpot consequently there is no strain associated
with the same with time the viscous character of the dashpot element becomes evident
as strain developed that is directly proportional to time. When the stress is removed,
this strain remains. Now when the spring and dashpot are in series, as shown in
Figure 4 below, called Maxwell model, the mechanical response of the material
possesses both elastic and viscous components [10], so the model is shown in the
figure. Note that all the strains are recovered but the viscous strains arising from creep
of the dashpot remain, since the elements are in series, the stress on each is the same
and the total strain or strain rate is determined from the sum of the two components.
Hence,

dε
dt

¼ σ

η
þ 1
E

dσ
dt

(7)

For stress relaxation conditions

ε ¼ εo and
dε
dt

¼ 0, (8)

σ

η
þ 1
E

dσ
dt

¼ 0 (9)

1
E

dσ
dt

¼ � σ

η
(10)

and by using the separation of variables procedure:

dσ
σ

¼ �E
η
dt (11)

ðσ
σo

dσ
σ

dσ
σ

¼ �
ðt
0

E
η
dt (12)

ln σjσσo ¼ �E t
η

(13)

ln
σ

σo
¼ �E t

η
(14)

Figure 4.
Maxwell mechanical model (spring and dashpot in series).
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σ tð Þ ¼ σo e�
Et
η (15)

σ tð Þ ¼ σo e�
t
t (16)

εTotal ¼ εS ¼ εD (17)

σTotal ¼ σS þ σD (18)

σTotal tð Þ ¼ Eεþ η
dε
dt

(19)

Where t is the relaxation time defined by η
E.

The extent of stress relaxation for a given material will depend on the relationship
between and, so when >>, the material behaves elastically such that, in other words,
when the spring and dashpot elements are combined in parallel as shown in Figure 5.
(Voigt mechanical model), this unit predicts a different time-dependent deformation
response. First, the strains in the two elements are equal and the total stress on the pair
is given by the sum of the two components.

For creep test σTotal tð Þ ¼ σo and after intefration, yields:

ε tð Þ ¼ σo
E

1� e�ttð Þ (20)

The strain experienced by the Voigt model is shown in Figure 6. The absence of
any instantaneous strain is predicted from this equation ε tð Þ ¼ σo

E 1� e�ttð Þ and is
related in physical sense to the infinite stiffness of the dashpot at t = 0. The creep
strain seems to rise quickly thereafter but reaches a limiting value of σo

E associated with
the full extension of the spring under that stress. Upon unloading, the spring remains
extended but now exerts negative stress on the dashpot. In other manner, the viscous
strains are reversed, and in the limit when both spring and dashpot are unstressed, all
the strains have been reversed. Consequently, the Voigt and the Maxwell models
describe different types of viscoelastic responses [8].

A some more realistic description of polymer behavior is obtained with a four
elements model consisting of Maxwell and Voigt models in series precisely as shown
in Figure 6.

By combining the above three last equations, it can be seen that the total strain
experienced by this model may be given by:

ε tð Þ ¼ σ

E1
þ σ

E2
1� e�ttð Þ þ σ

η
t, (21)

Figure 5.
Voigt mechanical model (spring and dashpot in parallel).
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which takes account of elastic, viscoelastic, and viscous strain components,
respectively.

The temperature dependence of the mechanical response can be modeled by
appropriate adjustment in dashpot and spring values, that is, [11], lower spring stiff-
ness and dashpot viscosity levels for higher temperature and vice versa for lower
temperature conditions. Figure 7 illustrates in detail the induced strain as a function
of the applied stress and loading time duration for the four models [11].

7. Equivalent mechanical models analysis

Simply, each mechanical component under direct stress, such as tensile or com-
pressive stresses, will exhibit either elastic (temporary), Plastic (permanent), or
recoverable (viscoelastic) deformation, so the following paragraphs will shed spotlight
on the analogy (similarity) between behavior of the five equivalent mechanical
models and an actual case of a polymeric (viscoelastic) component under direct load
as illustrated below, so let us start with first one:

7.1 Maxwell model

Figure 8 shows a schematic representation for Maxwell model which contains two
elements spring (E and Young’s modulus) and dashpot (fluid viscosity in terms of
stress- time) in series under effect of external force F, applied in two inline opposite
ends, and for analysis, there are three identifying points A, B, and C.

Hence, the required parameter is the total deformation or extension δ that occurs
in the whole length of this model, so

δ ¼ δAB þ δBC (22)

Where:
F: Applied force to a linear spring and a dashpot in series to form a Maxwell model.
E: Modulus of the spring K ¼ ELð Þ:

Figure 6.
Maxwell-Voigt mechanical model.
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Figure 7.
Stress-strain time diagram for mechanical analogs.

Figure 8.
Simple Maxwell model.
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η: Dynamic viscosity of the dashpot
δ: Extension.
Now, by differentiating the above equation with respect to time, using D-operator

method yields:

Dδ ¼ DδAB þDδBC (23)

For springs, Hooks law applies as follows:

F ¼ KδAB (24)

F ¼ ELδAB (25)

DF ¼ EL DδAB (26)

DδAB ¼ DF
EL

(27)

For viscous element or dashpot, Newton’s law of viscosity applies as follows:

F ¼ η L DδBC (28)

By employing D-operator method, yields:

Dδ ¼ DF
EL

þ F
ηL

(29)

If (A) denotes some characteristic cross-sectional dimension, where the force F is
applied and Lo is the original length of the Maxwell unit, then:

σ ¼ F
A

(30)

σ ¼ F
L2 (31)

and

ε ¼ δ
Lo

(32)

ε≃
δ

L
(33)

σ þ η

E

� �
σ ¼ ηε (34)

εL ¼ σ L2

EL
þ σL2

ηL

� �
∗
η

L
(35)

F ¼ σ L2 ) DF ¼ σL2 (36)

δ ¼ ε L ) Dδ ¼ εL (37)

ηε ¼ η

E
σ þ σ (38)
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Here, the dot () notation has been used in place of the D-operator. A comparison of
the above first and last equations shows that the latter expression for Hook’s law.

Where:
ao ¼ 1, a1 ¼ η

E, bo ¼ 0, b1 ¼ η
and the remaining constants are zeros, so

ao þ a1
∂

∂t
þ … …

� �
σ ¼ bo þ b1

∂

∂t
þ …

� �
ε (39)

aoσ þ a1
∂σ

∂t
þ … … ¼ boεþ b1

∂ε

∂t
þ … (40)

aoσ þ a1σ þ … … ¼ boεþ b1εþ … (41)

1σ þ η

E
σ þ … … ¼ 0εþ ηεþ … (42)

now by comparing the above two equations, yields:

ao ¼ 1,a1 ¼ η

E
,bo ¼ 0,b1 ¼ η

and the remaining constants are zeros.

7.1.1 Maxwell boundary conditions

It is noted that, for modulus of elasticity approaches infinity (E ) ∞), the general
equation for Maxwell model will be reduced to a simple dashpot only as indicated in
the following set of equations:

Dδ ¼ DF
EL

þ F
ηL

(43)

Dδ ¼ F
ηL

for a dashpot only (44)

Whereas, for fluid viscosity approaches infinity (η ) ∞), in the general equation
of Maxwell model [12], this specific equation will be reduced to a simple spring only
exactly as illustrated in the following mathematical equations:

Dδ ¼ DF
EL

þ F
ηL

(45)

Dδ ¼ DF
EL

(46)

δ ¼ F
EL

for a spring only (47)

7.2 Voigt model

This model has two elements, elastic element (spring) and viscous element (dash-
pot), connected in parallel, as shown in Figure 9.
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Spring (E) and dashpot (η) in parallel, so

F ¼ FS þ FD (48)

FS ¼ ELδ (49)

FD ¼ ηLDδ (50)

where δ = total extension of either element of Voigt model, thus the above equation
of the applied force will be in the following form:

F ¼ ELδþ ηLDδ (51)

This equation is representing the characteristic equation of the Voigt model, and
now, by analogy, it may be rewritten as follows:

F ¼ ELδþ ηLDδ (52)

σ ¼ Eεþ ηε (53)

σ ¼ F
L2 , δ ¼ ε L and Dδ ¼ εL (54)

F
L2 ¼

EL
L2 ∗ ε Lþ ηL

L2 εL (55)

σ ¼ Eεþ ηε (56)

Now, by comparing the obtained equation with the standard formula, yields:

aoσ þ a1σ þ … … ¼ boεþ b1εþ … (57)

1 σ þ 0σ þ … … ¼ Eεþ ηεþ … (58)

ao ¼ 1,a1 ¼ 0,bo ¼ E,b1 ¼ η

and the remaining constants are zeros.

Figure 9.
Simple Voigt model.
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7.2.1 Voigt boundary conditions

Similarly, in Voigt model, as the modulus of elasticity approaches zero (E ) 0),
the governing equation will be in the following form:

F ¼ ELδþ ηLDδ (59)

F ¼ ηLDδ for a dashpot only (60)

and on the other side if the fluid viscosity is zero (η ) 0), then the resulting
equation is:

F ¼ ELδþ ηLDδ (61)

F ¼ ELδ for a spring only (62)

In these cases, the Maxwell and Voigt models are degenerating into the simplest
elements. Thus, it is required to establish a nondegenerate model which is a little more
complex than the two previous models considered. The coming sections will deal with
a modified model for both Maxwell and Voigt.

7.3 Modified Maxwell model

This modified model is shown in Figure 10 below and it consists of three elements;
they are:

• Elastic element (spring with modulus of elasticity)

• Elastic element (spring with modulus of elasticity)

• Viscous element (dashpot with fluid viscosity)

Figure 10.
Modified Maxwell model.
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The applied force on the outer terminals of this model is F, but this overall force
will be divided into two sub-forces f 1 and f 2.

F ¼ f 1 þ f 2 (63)

f 1 ¼ E1Lδ and Df2 ¼ E1LDδ (64)

and in return to the general governing equation for Maxwell model, which is exactly
similar to the right-hand side of the Maxwell modified model, as shown in Figure 11.

Dδ ¼ DF2

E2L
þ F2

ηL
(65)

Now, it is better to eliminate both of f 1 and f 2 in order to get an analysis of the
induced stresses and the associated strains as follows:

f 1 ¼ E1Lδ (66)

Df1 ¼ E1LDδ (67)

Df2 ¼ E2LDδ� E2

η

� �
f 2 (68)

F ¼ f 1 þ f 2 (69)

DF ¼ Df1 þDf2 (70)

DF ¼ E1LDδþ E2LDδ� E2

η

� �
f 2 (71)

DF ¼ E1LDδþ E2LDδ� E2

η

� �
F � E1Lδð Þ (72)

DF ¼ E1 þ E2ð ÞLDδ� E2

η

� �
F þ E1E2L

η
δ (73)

DFþ E2

η

� �
F ¼ E1 þ E2ð ÞLDδþ E1E2L

η
δ (74)

Figure 11.
Modified Voigt model.
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DFþ E2

η

� �
F ¼ E1 þ E2ð ÞL2εþ E1E2L2

η
ε

� �
η

L2E2
(75)

σ ¼ F
L2 ) σ ¼ DF

L2 (76)

ε ¼ δ

L
) δ ¼ ε L ) Dδ ¼ ε L (77)

f 2 ¼ F � f 1 (78)

f 2 ¼ F � E1Lδ (79)

η

E2

� �
σ þ σ ¼ E1 þ E2

E2

� �
ηεþ E1ε (80)

σ þ η

E2

� �
σ ¼ E1εþ E1 þ E2

E2

� �
ηε (81)

aoσ þ a1σ þ … … ¼ boεþ b1εþ … (82)

1 σ þ η

E2

� �
σ ¼ E1εþ E1 þ E2

E2

� �
ηε (83)

By comparing the last two main equations, yields:

ao ¼ 1,a1 ¼ η

E2

� �
,bo ¼ E1,b1 ¼ E1 þ E2

E2

� �
η (84)

and the other constants and terms with higher orders are zeros.
The modified Maxwell model has the advantage over time period and is avoided in

the separate spring element E1, whereas it is permitted to occur in the left-hand branch
of the sketch in Figure 10. Such limited relaxation behavior is typical of polymers and
elastomers subjected to a long-duration stress environment, so that the modified Max-
well model (although still highly simplistic in terms of actual material performance)
depicts the nature of viscoelastic behavior in a much more realistic manner [13].

7.4 Modified Voigt model

The full detail sketch for the modified Voigt model is shown in Figure 11. Where
this model is consisting of the following elements:

• Elastic element (spring with modulus of elasticity E1)

• Elastic element (spring with modulus of elasticity E2)

• Viscous element (dashpot with fluid viscosity η).

And the external applied force is denoted by F.
Based on the given layout, the total deformation along the external terminals is δ

and may be expressed in terms of the sub-deformation components as shown in the
coming mathematical equation:

δ ¼ δ1 þ δ2 (85)
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also, for the spring element E1, there is:

F ¼ E1Lδ1 (86)

and for simple Voigt model:

F ¼ E2Lδ2 þ ηLDδ2 (87)

Now, by eliminating δ1 and δ2 from the above equation, yields:

δ ¼ δ1 þ δ2 (88)

Dδ ¼ Dδ1 þDδ2 (89)

δ2 ¼ δþ δ2 (90)

δ2 ¼ δþ F
E1L

(91)

F ¼ E1Lδ1 ) DF ¼ E1LDδ1 ) Dδ1 ¼ DF
E1L

(92)

F ¼ E2Lδ2 þ η LDδ2 (93)

η LDδ2 ¼ F � E2Lδ2 ) Dδ2 ¼ F
ηL

� E2

η
δ2 (94)

Dδ ¼ DF
E1L

þ F
η L

� E2

η
δ2 (95)

Dδ ¼ DF
E1L

þ F
η L

� E2

η
δ� F

E1L

� �
(96)

Dδ ¼ DF
E1L

þ F
η L

� E2

η
δþ E2

E1ηL
F

� �
∗E1L (97)

E1LDδ ¼ DFþ E1

η
F � E1E2L

η
δþ E2

η
F (98)

E1LDδ ¼ DFþ E1 þ E2

η

� �
F � E1E2L

η

� �
δ (99)

Now, by using separation of variables, yields:

DFþ E1 þ E2

η

� �
F ¼ E1LDδþ E1E2L

η

� �
δ (100)

δ ¼ ε L ) Dδ ¼ ε L (101)

DFþ E1 þ E2

η

� �
F ¼ E1L2εþ E1E2L2

η

� �
ε (102)

DFþ E1 þ E2

η

� �
F ¼ E1L2εþ E1E2L2

η

� �
ε

� �
∗

η

E1 þ E2ð ÞL2 (103)

F
L2 þ

η

E1 þ E2

� �
DF
L2 ¼ E1E2

E1 þ E2

� �
εþ E1η

E1 þ E2

� �
ε (104)
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σ þ η

E1 þ E2

� �
σ ¼ E1E2

E1 þ E2

� �
εþ E1η

E1 þ E2

� �
ε (105)

aoσ þ a1σ þ … … ¼ boεþ b1εþ … (106)

Now, by comparing the last two equations, yields:

ao ¼ 1,a1 ¼ η

E1 þ E2

� �
,bo ¼ E1E2

E1 þ E2

� �
,b1 ¼ E1 η

E1 þ E2

� �
(107)

And the other higher order terms are zeros.
In return to these two equations,
The first one is from the modified Maxwell model analysis:

DFþ E2

η

� �
F ¼ E1 þ E2ð ÞLDδþ E1E2L

η
δ (108)

and the second one is from the modified Voigt model analysis:

DFþ E1 þ E2

η

� �
F ¼ E1LDδþ E1E2L

η

� �
δ (109)

These two last equations are having essentially the same form, although the con-
stants vary depending on which model is finally selected, so the general form of these
equations is:

DFþ PoF ¼ q1 Dδþ qoδ (110)

These representations of viscoelastic behavior by either the modified Maxwell or
modified Voigt model are identical. Both modified models are having two springs and
one viscous element. Alternatively, it is possible to use one spring and two viscous
elements, which would yield the following form of force deflection equation as shown
in the following equation:

DFþ PoF ¼ q2 D
2δþ q1Dδ (111)

7.5 Maxwell-Voigt model

This specific model consists of Maxwell model connected in series with Voigt
model as illustrated in Figure 12. Where the main components are:

Elastic element (spring with modulus of elasticity E1)

• Elastic element (spring with modulus of elasticity E2)

• Viscous element (dashpot with fluid viscosity η1)

• Viscous element (dashpot with fluid viscosity η2)

Let δ1 and δ2 represent the induced deformation in the Maxwell and Voigt ele-
ments, respectively, as a result of applying the external force F to both ends of the
compound model [14], Figure 12, then:
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δ ¼ δ1 þ δ2 (112)

where the δ is the total elongation with length dimension. It is required to analyze
this compound model by considering each model alone, as indicated in Figure 13.

Figure 12.
Maxwell-Voigt model.

Figure 13.
Maxwell model in series with Voigt model.
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Now, for Maxwell element, it is already stated that:

Dδ1 ¼ DF
E1L

þ F
η1L

(113)

and for Voigt model:

F ¼ FS þ FD (114)

which also may be written as:

F ¼ E2Lδ2 þ η2LDδ2 (115)

It is possible to eliminate δ1 and δ2 that the final result will be in the following form:

D2F þ E1

η1
þ E1

η2
þ E2

η2

� �
DFþ E1E2

η1η2

� �
F ¼ E1LD2δþ E1E2L

η2

� �
Dδ (116)

This essential equation may be rewritten in terms of stress and strain as follows:

σ þ E1

η1
þ E1

η2
þ E2

η2

� �
η1η2
E1E2

� �
σ þ η1η2

E1E2

� �
σ

_¼η1εþ η1η2
E2

� �
_ε

(117)

and according to the general formula in the following equation:

aoσ þ a1σ þ a2 σ
_… …¼boεþb1εþb2 ε

_þ…

(118)

ao ¼ 1,a1 ¼ E1

η1
þ E1

η2
þ E2

η2

� �
η1η2
E1E2

� �
,a2 ¼ η1η2

E1E2

� �
(119)

bo ¼ 0,b1 ¼ η1,b2 ¼
η1η2
E2

� �
(120)

The relationships derived in the previous mechanical models are specific forms of
the generalized Hook’s law relating stress to strain, in accordance with the following
equation [15]:

ao þ a1
∂

∂t
þ a2

∂
2

∂t2
þ … ::

� �
σ ¼ bo þ b1

∂

∂t
þ b2

∂
2

∂t2
þ … ::

� �
ε (121)

However, there has been no limitation on the time history of the applied force F or
the induced deformation δ in other words these equations are representing the main
basis of behavior of a viscoelastic material suffering from creep and stress relaxation.
So to analyze any viscoelastic materials, means studying the relationship between the
applied know force and the associated viscoelastic strain, it is so essential to know the
numerical values of the included mechanical components (elastic element, spring and
viscous element, and dashpot), so Table 2 summarize these constants in detail based
on the type of the proposed equivalent model.

By applying a constant force to previously unloaded models, the extension when
measured as a function of time over a long period, is called creep motion or creep [16].
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b2 b1 bo a2 a1 ao Schematic Model

0 0 0 0 η
E 1 Maxwell

0 η E 0 0 1 Voigt

0 E1þE2
E2

� �
η E1 0 η

E2
1 Modified Maxwell

0 E1
E1þE2

� �
η E1E2

E1þE2

� �
0 η

E1þE2
1 Modified Voigt
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Conversely, the application of a constant extension to previously unloaded models
require a time-dependent force that can be measured. This force decreases in time
accordingly, as a relaxation effect occurs within the model.

7.6 Creep response

Given a force, F, according to the relationship:

F ¼ CH tð Þ (122)

where C is an arbitrary constant, and H tð Þ is the Heaviside function of time and
has the following values:

H tð Þ ¼ 0 for t≤0

H tð Þ ¼ 1 for t≥ 1

The time derivative of the functionH tð Þ is the well-knownDirac function Δð Þ, thus:
Δ tð Þ ¼ DH tð Þ (123)

Both H tð Þ and Δ tð Þ are shown as a function of time, see Figure 14.
So, it is required to find the resulting extension δ tð Þ for the entire model, for a

simple spring element with spring modulus E:

δ tð Þ ¼ F
EL

¼ C
EL

H tð Þ (124)

And for the viscous element with viscosity η:

Dδ tð Þ ¼ C
ηL

H tð Þ (125)

b2 b1 bo a2 a1 ao Schematic Model

η1η2
E2

η1 0 η1η2
E1E2

� �
E1
η1
þ E1

η2
þ E2

η2

� �
η1η2
E1E2

� �
1 Maxwell Voigt

Table 2.
Values of the constants in the generalized Hook’s law for the proposed mechanical models.
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This differential equation can be integrated to give:

δ tð Þ ¼ C
η L

t H tð Þ (126)

The constant of integration in the last equation is zero since δ tð Þ ¼ 0 at t ¼ 0. For
Maxwell element, the application of the above last equations gives:

Dδ tð Þ ¼ DF
EL

þ F
η L

(127)

Dδ tð Þ ¼ C
EL

Δ tð Þ þ C
η L

H tð Þ (128)

which after integration shows the following time-dependent response:

δ tð Þ ¼ C
EL

H tð Þ þ C t
η L

H tð Þ (129)

δ tð Þ ¼ C
L

1
E
þ t
η

� �
H tð Þ (130)

This last equation is representing the overall extension (deformation) for Maxwell
model.

For Voigt model the governing equation is as follows:

F ¼ ELδþ ηLDδ (131)

CH tð Þ ¼ ELδ tð Þ þ ηLDδ tð Þ (132)

In order to solve the above differential equation, it is so essential to multiply each
side of this specific equation by an integrating factor:

Integrating Factor ¼ e
E
ηð Þt, so that:

Ce
E
ηð ÞtH tð Þ ¼ ELδ tð Þe E

ηð Þt þ ηLDδ tð Þe E
ηð Þt (133)

Ce
E
ηð ÞtH tð Þ ¼ ηLD δ tð Þe E

ηð Þt
h i

(134)

Figure 14.
Heaviside and Dirac unit functions. The Heaviside unit function. The Dirac unit function.
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after integration yields:

δ tð Þ ¼ C
EL

1� e�
E
ηð Þt

h i
H tð Þ (135)

This equation is representing the induced response of Voigt model. The extension
response (creep behavior) of mechanical models, including the Maxwell-Voigt,
modified Maxwell, modified Voigt, and simple elements models [17], is shown in
Figure 15.

It is to be noted that the Maxwell element has a response equal to sum of the
responses for the viscous and elastic elements, because it consists of these elements in
series. Also, the Maxwell Voigt model consists of Maxwell and Voigt models in series,
so that its response is given the following equation:

δ tð Þ ¼ C
1

E1L
þ t
ηL

� �
H tð Þ þ C

E2L
1� e�

E
ηð Þt

h i
H tð Þ (136)

8. Discussion

In most cases of nominating a material for manufacturing an industrial compo-
nent, and sustaining the applied load, usually either tensile, compressive, or shear
stress, it is so essential to seek the best mechanical properties, including Young’s
modulus (modulus of elasticity) and the associated strain(s). So, this theoretical
analysis via creating a mechanical model for describing a polymeric material under
stress and how such specific material will behave or exhibit a resistance during loading
phase and what is the expected result—deformation style as a function of both loading
time duration and the ambient temperature, so the first assumption was depending on
a simple linear spring (elastic element) but after removing the applied load the spring
will utterly return to its original dimensions that if the applied load within the elastic
limit of this spring. Hence, this spring will not well cover the actual behavior of the
loaded polymeric component, so the next proposal was considering only viscous

Figure 15.
Extension response (creep behavior) of the proposed mechanical models.
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element —dashpot but unfortunately this element also was not able to describe the
gained behavior, these two results shed light on the combined models, so the next
models was Maxwell, Voigt, modified Maxwell, modified Voigt, and Maxwell-Voigt
models, the above theoretical equations supported by the finding shown in Figure 15
gives a graduate interpretation of the expected behavior of the polymeric material
under direct load and under constant room temperature, but it is very accurate to say
that Maxwell-Voigt model is well telling or drawing the gained path of the residual
strain in the polymeric material, so this is invitation to extend ideas for more models
and more analysis for reaching the best behavior analogy between the mechanical
models and polymeric materials as well.

9. Conclusions

As a result of this theoretical study, it is essential to conclude that all of the
analyzed models are giving an interpretation of the behavior of some loaded poly-
meric materials but with different approximation but it looks like that each model is
complementing the other models, or in other words, starting from simple spring alone
or viscous dashpot alone is giving high error rate and this error starts decreases via
adding another element either in series or in parallel to form Maxwell and Voigt
models to reach optimum verification, respectively, so the modified Maxwell model is
giving relatively the best fit with the actual behavior of the polymeric component
under direct longitudinal load, but that is not meaning neglecting the other models
results, especially both of Voigt and Maxwell-Voigt models. It is preferable to include
a conclusion(s) section, which will summarize the content of the book chapter.
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Nomenclature

σ Stress
σo initial applied stress
σ tð Þ stress as a function of time (t)
σ first derivative of stress with respect to time
_σ second derivative of stress with respect to time
ε Strain
εo induced strain
ε tð Þ strain as a function of time (t)
ε first derivative of strain with respect to time
_ε second derivative of strain with respect to time
εcritical critical strain
γ shear strain
γ shear-strain rate
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δ deformation (longitudinal extension)
δ tð Þ deformation as a function of time
η fluid viscosity of the employed dashpot
E Young’s modulus (modulus of elasticity)
G shear modulus
Ec tð Þ creep modulus as a function of time
Er tð Þ relaxation modulus as a function of time
F applied external force
t time
t relaxation time
T Temperature
K spring stiffness
C damping constant
ΔH viscous flow activation energy at a particular temperature
R universal gas constant
A pre-exponent factor
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