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Summary

In this chapter we present the concepts of biomechanics and mechanobiology and
discuss their current importance in health sciences. First, and very briefly, we review the
history, main applications, subdisciplines and current role in Science of biomechanics.
Second, and recognizing the impossibility of including all possible aspects of interest in
one introductory chapter, we focus in only some of the many possible subdivisions of
biomechanics as they are tissue mechanics and tissue engineering. In the first case, we
review the main features of the composition and structure of living tissues that give rise
to their particular mechanical properties and present some examples where the
mechanical behavior of bone and soft tissues is essential. We also discuss the long-term
adaptive capacity of living tissues and especially of bone, introducing the Wolff’s law
as the foundation of the explosive current development of bone remodeling models and
applications. Some other aspects as cell-substrate interaction are also commented. The
next section deals with tissue engineering, a novel area of regenerative medicine, with
the final aim of creating artificial substitutes to treat tissue defects, injuries or even to
replace whole organs. The basis of tissue engineering is reviewed, including
biomaterials for scaffolds, cell types used, the characteristics and optimal features of
cell-scaffold constructs or the importance of bioreactors to culture and prepare those
constructs before implantation. Here, again, the control of the mechanical environment
is essential, including the initial and evolving stiffness of the scaffold, the fluid velocity
and shear stress induced by the perfusing flow, or even the direct application of stresses
onto the scaffold. We finish this chapter with a discussion on some of the future trends
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of current biomechanics that is progressively becoming a fundamental tool in biology
and medicine with influence from protein and DNA behavior and cell processes like
proliferation, migration or differentiation, to structural tissue performance or diseases
like osteoporosis, malaria or cancer.

1. Biomechanics: Concept, Scope and History

“Nothing has such power to open our mind as the ability to systematically investigate
everything that comes from the observation of life.”
Marcus Aurelius

The enormous progress of Medicine since the mid decades of the twentieth century
would have not been possible without the concurrent interaction of advanced
technologies that have enabled new solutions to secular problems, making health
industry one of the sectors with fastest growth nowadays in world economy. This,
combined with its unquestionable social impact, is leading to a growing demand of
professionals and research related to the design, manufacturing, testing, certification,
marketing and repair of equipment, tools and medical devices. On the other hand, the
continuous advances in technology are providing a huge amount of information via
improved experimental (e.g. atomic force microscopy, laser tweezers) and clinical
(microcatheters, magnetic resonance imaging) capabilities. Consequently, there is an
ever-a growing need to expand and properly use these derived databases. Progress in
computers and computational methods is also increasing our ability to handle these
huge amounts of data and to model and accurately simulate complex biological
processes.

Biomedical engineering or bioengineering applies engineering principles and methods
to the understanding, definition and problems solving in biology and medicine,
incorporating elements of electronics, informatics, materials science, mechanics,
communications, chemistry and other engineering disciplines, in addition to those of life
sciences. Biomechanics, in particular, is often defined as “mechanics applied to
biology” (Fung, 1993). It aims to explain, analyze and predict the mechanics of living
beings and their main components, from molecules to whole organisms. It helps,
therefore, to understand how living systems move, to characterize the structural
behavior of living tissues and organs, to predict the microstructural changes they
undergo, the alterations in their mechanical function induced by injuries, diseases or
pathologies and to propose methods of artificial intervention for functional recovery.

Biomechanics has a vital role in many applications such as: design of organ substitutes
like implants and prostheses for different systems (musculoskeletal, circulatory, vision),
improving rehabilitation protocols, promoting faster healing, predicting and preventing
failure of bones, aneurysms or ligaments, design of prostheses, implants, ortheses for
the disabled and many other mechanical devices like respiratory ventilators or surgical
robots, and, more recently, enhancing properties of tissue engineering constructs, and
these among thousands of other applications.

In its broadest sense, biomechanics has been with us for millennia. In 2000, German
archaeologists discovered a 3,000 years old Egyptian mummy from Thebes with a
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wooden prosthesis attached to one toe, considered the oldest functional prosthesis
known. The most ancient text containing concepts that today could be understood as
biomechanics is probably the classic Greek Parts of Animals of Aristotle (384-322 BC).
Aristotle presented a description of the anatomy and function of internal organs of
several animals. However, he made the mistake of considering the heart as a respiratory
organ, probably because he never saw blood inside as performing autopsies several days
after death on bodies killed in war.

Other more modern scientists have also contributed to particular aspects related to this
discipline (Mason, 1962). Leonardo da Vinci (1452-1519) can be considered as the first
biomechanical scientist. He addressed topics such as the gait movement. Galileo Galilei
(1564-1642), who studied Medicine before becoming a famous physicist, discovered the
constancy of the period of the pendulum and used it to measure the blood pulse. He was
interested in the strength of bones and suggested that long bones are hollow to achieve
maximum strength with minimum weight, establishing, implicitly, the important
principle of biological optimization. Galileo Galilei (1564-1642), who studied Medicine
before becoming a famous physicist, discovered the constancy of the period of the
pendulum and used it to measure the blood pulse. He invented the thermoscope and was
also the first to design in 1609 a microscope in the modern sense. He was also interested
in the strength of bones and suggested that long bones are hollow to achieve maximum
strength with minimum weight, establishing, although implicitly, the important
principle of biological optimization.

Miguel Servet (1551-1553), the great Spanish researcher, found the pulmonary
circulation. It was, however, William Harvey (1578-1658), following the work of
Servet, who discovered the systemic blood circulation. In 1628 he published his proof
based only on logical reasoning, that is, without the ability to see the blood capillaries.
Giovanni Alfonso Borelli (1608-1679), an eminent mathematician and astronomer,
clarified the movement of muscles and body dynamics. He studied the flight of birds
and swimming of fish and the functioning of the heart and intestines in his posthumous
work De Motu Animalium. Other great scientists like Robert Boyle (1627-1691),
Leonhard Euler (1707-1783), Thomas Young (1773-1829) or Jean Poiseuille (1797-
1869) among other worked also in different aspects of biomechanics. Giovanni Alfonso
Borelli (1608-1679), an eminent mathematician and astronomer, clarified the movement
of muscles and body dynamics. He studied the flight of birds and swimming of fish and
the functioning of the heart and intestines in his posthumous work De Motu Animalium.
Other great scientists were interested in different aspects of Biomechanics. Robert
Boyle (1627-1691) studied the lung function and the air dissolved in water due to the
fish respiration. Leonhard Euler (1707-1783) wrote the first work on the pulse wave
propagation through arteries. Thomas Young (1773-1829) studied the formation of the
human voice through vibration, relating it with the elasticity of materials. Jean
Poiseuille (1797-1869) determined the pressure-flow relationship in the interior of a
tube. His most important contribution was to establish the “non-slip” condition as the
most appropriate to model the interaction between a viscous fluid and a solid wall. Its
empirical relationship, known as Poiseuille’s law, is still frequently used in cardiology.

Guillaume Wertheim (1815-1861), an outstanding but relatively unknown
experimentalist, was the first to measure the mechanical properties of most human
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tissues including bones, muscles, arteries and nerves, taking into account the
dependence of age and sex. In fact, many of the values he obtained are still in medical
texts after more than one hundred and fifty years since its publication (Wertheim, 1847).
Since then, many other scientists have contributed to the advancement of biomechanics
that has been progressively specialized in many branches of application, being virtually
impossible to name them all.

Many authors suggest however that modern biomechanics did not truly emerge as a
distinct field of study until the mid 1960s when the theoretical frameworks of nonlinear
continuum mechanics and, in particular, of finite elasticity, viscoelasticity and mixture
theory were settled (Truesdell and Noll, 1965). The parallel development of the early
generation of computers and numerical methods as the finite-element method,
introduced in 1956, provided the enabling technology that allowed using the whole
potential of such theoretical framework. An important milestone was the publication of
the book Biomechanics: Material Properties of Living Tissues by Y.C. Fung (Fung,
1993), considered the father of modern biomechanics.

It is not coincidental either that the birth of biomechanics came on the heels of the birth
of modern biology in the 1950s. This was partly due to the discovery of the structure of
some of the most important constituents in the body like the alpha -helix and beta-sheet
structures of proteins by L.C. Pauling, that of the double helix structure of DNA by J.D
Watson and F.H.C. Crick, as well as the triple-helix structure of collagen by G.N.
Ramachandran and G. Kartha and almost simultaneously by A. Rich and F.H.C. Crick,
and, finally, of the cross-bridge hypothesis for muscle contraction by A.F. Huxley.

Much has been discovered in biomechanics since then, particularly over the last 35
years. New technologies like sophisticated medical imaging, advanced modeling and
simulation techniques, cell manipulation and less invasive in vivo testing procedures are
revealing fundamental details of the main building blocks of life like genes, proteins
and cells, so new hypotheses and theories appear every day upon these new
observations.

In this chapter, only some of the myriad of possibilities that could be analyzed like gait
and movement of animals and humans, injury analysis, rehabilitation, prostheses,
implants and ortheses, tissue behavior, tissue engineering, artificial organs, cell
mechanics, mechanobiology, and a long etcetera are addressed. After this introduction
and in Section 2, the structure and mechanical behavior of both hard and soft biological
tissues is reviewed, considering them as inert structural materials, that is, without taking
into account biological effects performed by their living components: the cells. It is
well-known that cells react to the specific fluid flow, extracellular deformation or
substrate stiffness by moving themselves, proliferating, differentiating, dying both in an
apoptotic way or by necrosis and, finally, expressing specific signals or producing tissue
components. The study of this interaction between biological effects and mechanical
cues is currently known as mechanobiology, and is the object of Section 3. Section 4
deals with a specific clinical therapy where artificial materials and biomechanics have
an essential role, as it is tissue engineering. The main components and the effect of
mechanical stimulation into tissue engineering constructs is briefly reviewed. The
chapter finishes with comments on some of the current hot topics of research. Some of
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them will be the object of the rest of chapters in this volume.
2. Structure and Biomechanical Behavior of Biological Tissues

“The Science of today is the technology of tomorrow.”
Edward Teller

One of the most important branches of biomechanics is related to understanding,
mathematically formulating and predicting the behavior of biological tissues as
structural materials, i.e., to relate displacements, strains and stresses with the loads and
movements to which they are subjected, whether physiological or pathological, and also
to predict functional changes induced by diseases or therapies. This is usually named as
tissue biomechanics.

In fact, biological tissues are wonderful examples of materials that are manufactured
with minimum resources and achieve maximum performance. We can enumerate as the
most important properties of these materials: multifunctionality, adaptability, self-
repair, biodegradability and recyclability.

Natural and man-made materials often follow different routes to get the required
properties (Vincent, 2006). While artificial systems use a wide variety of chemical
components for achieving the functions required (for example, a car contains not less
than 30 different materials), biological systems consist of a relatively limited number of
building blocks that are assembled in highly organized composite structures from the
nano- to micro- and macro-scales in a hierarchical manner that ultimately give rise to
myriads of different functional materials. A molecule such as collagen type | serves as
the building block for a wide variety of tissues in the human body: bone, cartilage, skin,
or cornea. Furthermore, in contrast to many artificial materials that are produced by
heating and high pressure, “fabrication” of biologically derived materials occurs at
ambient conditions, with minimal waste and pollution.

When we speak of biological tissues, it is usual to distinguish between hard and soft.
The former include materials such as bone, horns or turtle shells with an important
structural function so they are reasonably rigid and resistant. By contrast, soft tissues
although resistant to some extent, have other more prevalent functions such as high
deformability and viscoelasticity derived from a very different structure and
composition. What follows is a brief description of each of them, considered initially as
inert materials, i.e., without taking into account the functions of the cells, responsible
for growth, maintenance, repair and adaptation. Some of these latter functions are
discussed explicitly in Section 3.

2.1. Biomechanical Behavior of Hard Tissues

Most living tissues, both hard and soft, are multiphasic where coexisting at least one
solid and one fluid phase, the first being further composed, in general, of organic
materials, inorganic crystals and amorphous phases. The essential difference between
hard and soft tissues is the existence of inorganic phases in the former. This mineral
component provides hard tissues their resistance while the organic components result in
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high ductility. The interfaces between relatively soft organic and hard inorganic matter
are of prime importance in the properties of the compound.

The most striking feature of hard biocomposites is that the organic matrix occupies only
3 to 5% of the volume but results in a considerable improvement in the mechanical
properties of the mineral. One of the examples better studied is the shell of the abalone.
The abalone shell derives its extraordinary mechanical properties from a highly
hierarchically organized structure. The mechanical properties of nacre, the main
component of the abalone shell, have been measured by several authors, finding that the
nacre has 500 to 3000 times greater toughness than its main inorganic component,
chalk, which constitutes 95% of its mass.

Bone is another example of biological material that combines high performance soft
organic material (collagen, proteoglycans and non-collagenous proteins) that contribute
to its tensile properties, with a mineral (hydroxyapatite) that confers stiffness and
resistance to compression (Carter and Beaupre, 2001). As in nacre, the bone structure is
organized in various scales, with six or seven levels of hierarchy. At the molecular
level, the collagen filaments are joined to form a tropocollagen molecule. Such
molecules are arranged in a staggered manner to overlap leaving spaces at each end. A
sequence of such molecules forms microfibrils, which in turn are grouped to form larger
fibrils. Within the collagen fibrils nanoscopic hydroxyapatite mineral crystals are
embedded.

At the macroscopic level, the constitution and structure of bones differ from animal to
animal and within the same animal from place to place in order to serve specific
functions (Currey, 2002). Furthermore, the structure of bone is not uniform, being a
porous heterogeneous material with anisotropic behavior and with different strength and
stiffness in tension and compression. In fact, the mechanical behavior of bone is fairly
related to its porosity, n. This varies in humans between 5 and 95%, although the most
common is finding very high or very low porosities. We distinguish between spongy or
trabecular bone (n=50-95% ) and compact or cortical bone (n=5-10%). The first is
found in cuboidal and flat bones and the ends of long bones, while compact bone is
usually on the external layer of long bones surrounding cancellous bone. The
combination of both bone types forms a “sandwich” structure, well known in
engineering as a highly optimized composition.

Bone is a heterogeneous and anisotropic elastic material with only a small dependency
on the strain rate (viscoelasticity) for very high strains rates. To estimate its mechanical
properties, and as a first approach, Keller (Keller, 1994) proposed the following
expression that allows explaining over 96% of the statistical variation in the mechanical
behavior of combined vertebral and femoral data over the range of ash density (0.03 -
1.22 gcm™):

E (MPa)=10500p2°"% 0
o, (MPa) =117 o, %0

a

where p, is the ash density (mass of the mineralized component over the total volume).
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The high porosity of trabecular bone and the arrangement of the struts and small beams
of trabeculae that compose the cancellous bone make this material to behave as a
structure. Load in cancellous bone is transferred by bending moments and compressive
loads that may cause the individual trabecula to buckle, which provides a high resilience
(ability to store energy under local permanent strains) and resistance to impact loads.
This produces mechanical properties of trabecular bone to be mainly determined by the
spatial arrangement of the trabeculae or equivalently of voids. Therefore, measuring
mechanical properties of cancellous bone is far more difficult than doing for cortical
bone. Many experimental correlations have been proposed between void porosity and
mechanical properties. For example, Hernandez et al. (2001) determined the elastic
modulus and compressive strength in terms of the bone volume fraction and ash
fraction, with a 97% of correlation:
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Another important feature of bone is anisotropy. The different directional behavior of
this tissue is also a consequence of the microscopic structure that depends on the type of
bone. Thus, anisotropy of cortical bone is associated with the orientation of the osteons
(Currey, 2002), while in spongy bone it essentially depends on the spatial orientation of
the trabeculae. In order to quantify the anisotropy of cancellous bone, Cowin (1979)
introduced the concept of fabric tensor, defining it as a second-order tensor, positive
definite, whose principal axes coincide in average with the principal directions of the
trabeculae and whose eigenvalues are proportional to the amount of mass of the
trabecular structure associated with each principal direction. Many authors have
measured such tensor using different techniques, concluding that all well characterize
the anisotropic structure of trabecular bone (Cowin, 2001).

2.2. Biomechanical Behavior of Soft Tissues

Some typical soft tissues are arteries and veins, cartilage, ligaments, tendons, muscles or
skin. Generally, they are composite materials formed by an organic matrix, reinforced
by highly flexible collagen and elastin fibers with a high content of water (Cowin and
Doty, 2009).

The behavior of soft tissue depends again on its composition and structure, with a strong
dependence of their properties on the percentage of fibers, their characteristics,
directionality and type of grouping. Another typical feature of soft tissues like cartilage,
skin, cornea, and particularly of blood vessels is its layered structure.

For example, tensile strength specialized tissues, like tendons or ligaments, are rich in
highly oriented fibers that essentially coincide with the direction of stress to which they
are subjected and are therefore highly anisotropic. The organization, for example, of
tendons shows a hierarchical structure, with the fibers aligned along a preferential
direction, as shown in (Fung, 1993) , whereas in veins and arteries, two families exist
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with fibers helically oriented and rotating in opposite angles. This provides
circumferential rigidity to withstand the internal pressure. On the other hand,
compressive elastically absorbing tissues, like cartilage, are rich in fibers, distributed in
various directions in a highly compliant matrix, being again anisotropic and practically
incompressible in a wide range of deformations due to the high content in water.

The tendon (and ligaments), for example, has a multi-unit hierarchical structure
composed of collagen molecules, fibrils, fiber bundles, fascicles and tendon units that
run parallel to the tendon long axis. The fibril is the smallest tendon structural unit; it
consists of rod-like collagen molecules aligned end-to-end in a staggered array. Fibril
diameters vary from 10 to 500nm, depending on species, age, and body location. Fibers
forming the next level of tendon structure, are bound by endotenons a thin layer of
connective tissue that contains blood and lymph vessels and nerves. Fiber bundles form
fascicles, and bundles of fascicles are enclosed by the epitenon, which is a fine, loose
connective-tissue sheath containing again the vascular, lymphatic, and nerve supply to
the tendon. Tendons are finally surrounded by a third layer of connective tissue called
the paratenon. This hierarchical structure provides the tendon high tensile strength.

Because of the incredible complexity of both the ultra and microstructures of these
materials, and for describing their mechanical behavior, we continue relying primarily
on phenomenological models. Hence, although tissues are complex mixture-composites
with inelastic behavior, under particular conditions of interest it is usually sufficient to
model their behavior within the framework of the theories of elasticity, viscoelasticity
or the mixture theory.
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Figure 1. Typical stress-strain curve for tendons and ligaments.

A typical soft tissue stress—strain curve, like the one of a tendon (Figure 1) has an initial
toe region, where the tendon is strained up to 2%. This toe region represents the
stretching-out of the crimp-pattern of the composing fibers. In the linear region of the
stress-strain curve, where the tendon is stretched less than 4%, collagen fibers lose their
crimp pattern. The slope of this linear region is referred to as the Young modulus of the
tendon. The elastic modulus is of the order of the stresses, so that deformations are in
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