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17.1 INTRODUCTION

The skin is the outmost and largest organ of the body constituting 6%–10% of the lean body mass. It is a layered
tissue containing in total more than 20 different cell types that in a very coordinated way act to keep skin homeostasis
and function. It is the first line of defense against the external environment, that is, external forces (tension, compres-
sion, and shear), external pathogens, temperature, and radiation. The outermost layer, epidermis, varies in thickness
depending on its location and function. This layer consists of a stratified squamous epithelium of keratinocytes delim-
ited by the basal membrane and contains melanocytes, Langerhans cells, and Merkel cells [1, 2]. The internal layer,
dermis, is a connective tissue that represents most of the skin substance and structure. The dermis is composed of
fibroblasts and extracellular matrix (ECM) enriched in collagen and elastin fibers and can be divided into two layers:
the upper papillary and the thicker lower reticular dermis. The skin mechanical properties, strength, and elasticity are
mostly owed to the composition and organization/orientation of the ECM in the dermis [3–5]. Lastly, beneath the
dermis is the hypodermis, composed primarily of adipose cells used for fat storage, and is usually not regarded as
part of the skin tissue.

Being a tissue constantly exposed to many external and endogenous factors, which disintegrate its structure and
functions, skin requires intrinsic suitable mechanical properties that protect the body from suffering damage. While
it is known that skin has high flexibility and is able to support large deformations, its mechanical properties are com-
plex and difficult to describe or predict due to skin complexity. Moreover, the mechanical properties of skin not only
differentiate between the different layers but also vary with skin anatomical region (heterogeneity), age, sex, pathol-
ogy, body weight, and orientation (anisotropy) (Fig. 17.1). In addition to skin inherent biomechanics variability, the
mechanical testing used to analyze skin biomechanics plays a pivotal role in the measurement [6–10]. Hence, it is not
surprising that the evaluation of skin biomechanics has revealed inconsistent results.

The skin is a tensegrity tissue, and it is in passive tension at homeostasis. Once the mechanical properties of the skin
are unable to support the external conditions or the tissue is removed, the skin tensegrity is compromised. After a
breach, the skin responds with an orchestrated process to heal the wound and restore the integrity of the tissue.
The wound healing process encompasses four interconnected and consecutive phases, namely, hemostasis, inflamma-
tion, proliferation, and remodeling. All of these phases are influenced by mechanical forces, and there is increasing
evidence that mechanical influences regulate postinjury inflammation contributing to the closure of the wound [11]
and the formation of fibrotic tissue [12, 13]. Human skin, as well as skin cells, reacts to mechanical forces and converts
mechanical cues to biochemical signals that are crucial to the way the wound healing progresses [12, 14]. While the
homeostatic and wound cellular and biochemical milieus have been largely studied to create better cues for regener-
ation, skinmechanical environment has not been as explored. Moreover, most of this knowledge has been provided by
in vitro studies assessing the effect of tension over skin cells [15–24]. Mechanical stimuli have also been evaluated
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in vivo but mainly in rodent animal models that fail to represent skin biomechanics [25–27] and in pigs [28]. Thus, a
better understanding of how healthy and wounded tissue deforms and how cells respond to this mechanical stress is
critical for the creation of new therapies for scarless wound regeneration.

This chapter aims to elucidate the reader about skin biomechanics by focusing on the overall mechanical properties
of the tissue and on its biomechanics. For this purpose, the main concepts andmethodologies to measure skin mechan-
ics as well as the mechanisms underlying skinmechanobiology and biomechanics are described. An overall analysis of
this knowledge is presented, and a discussion on how it can be the basis to amelioratedwound healing approaches and
relieve scarring through new therapies is provided.

17.2 BIOMECHANICS IN THE CONTEXT OF THE SKIN

As already mentioned the skin tissue is composed of different structural components, such as the collagen fibers
(27%–39% by volume and 75%–80% of fat-free dry weight), elastin fibers (0.2%–0.6% by volume and 4% of the fat-
free dry mass), and glycosaminoglycans (0.03%–0.35% by volume), in different combinations. Hence the properties
of the skin are both dependent on the composition and their organizational direction [29]. Numerous studies were
conducted over the last 40years to characterize the mechanical behavior of the human skin. Most of them describe
skin as a nonhomogeneous and anisotropic tissue with nonlinear and time-dependent mechanical behavior that can
include viscoelastic response highly variable and sensitive to environmental conditions [4, 10, 30–32]. Accurate
acknowledge of the skin structure and its constituents are important for determining its response to the different
mechanical loads since each of these components has its own role in the mechanical properties of the skin tissue.
Collagen (types I and III as the most prominent in human skin), as the main load-bearing and stiff component of

FIG. 17.1 Overview of human skin mechanical properties and schema of external mechanical forces that are transmitted across the skin tissue.
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the dermis, provides most of the mechanical strength of skin [33]; elastin fibers form a network in dermis and works
like an energy storage device, bringing stretched collagen back to a relaxed position, which means they provide to
the skin the ability to recoil after deformation [3]; and glycosaminoglycans, such as dermatan sulfate, hyaluronic
acid, and chondroitin sulfate, provide to the skin their viscoelastic nature at low loads [34]. Glycosaminoglycans
are covalently linked to peptide chains that form high-molecular-weight complexes called proteoglycans. The vis-
coelastic properties of connective tissue are strongly correlated with the type and the number of
glycosaminoglycans [35].

Skin, as the outer shield of the human body, has often their mechanical integrity threatened and therefore needs to
hold appropriate mechanical properties to respond correctly to the external mechanical forces. To understand the
mechanical properties of skin, one must understand the main terms used to describe them. The following subsections
highlight the basic definitions of the physics terms important to the understanding of the skin mechanics.
Stress and Strain

Most of the times materials are in a state of stress meaning that a force is being applied, and this will cause a change
in its dimensions. Thus stress can be defined as the ratio of the applied force F (in newtons, N) to cross-sectional areaA0

(in square meters, m2) of a material. Depending on the force and the direction that is applied, three basic types of stress
can be made on a material: tensile (σ), compressive (σ), and shear (τ) stress (Fig. 17.2).

Strain, the change inmaterial dimensions produced by a force that varies on its nature (tensile or compressive (Ɛ), or
shear (γ) force), is calculated by the ratio of the change in length (ΔL) to the original length (L0). Strain is dimensionless
and sometimes represented as a percent change. The relation between the applied force and strain, or their rates, allows
the assessment of material mechanical properties.
Elasticity, Inelasticity, and Viscoelasticity

Materials display different mechanical behaviors when an external load is applied and then removed (Fig. 17.3).
Elasticity describes the material ability to deform instantaneously when a load is applied and to return immediately
to its original state once the load is removed. On the other hand, inelasticity is the property of a material that keeps it
permanently deformed by a force, which means that the material does not return to the original configuration when
unloaded, remaining in the deformed state. Inelastic materials included viscous (fluids) and plastic materials, while
viscoelastic ones combine the characteristics of both elastic solids and viscous fluids when undergoing deformation
[36]. The viscoelastic materials exhibit time-dependent strain showing a “fadingmemory.” Such behavior can be linear
(stress and strain are proportional) or nonlinear.
Stiffness, Young’s Modulus, and Strength

Stiffness describes the property of a material to resist the deformation under applied loads. The stiffness of a mate-
rial is commonly defined by Young’s or elastic modulus (E), determined by the slope of the linear region of a stress-
strain curve when tested under tensile or compressive loads. Strength is a measure of the material resistance to failure
by fracture or excessive deformation and can be defined as the maximum stress that the material supports before
breaking. The strength of the materials varies with the nature of the applied force. For instance, there are materials
with higher strength under compression but lower strength under tension.

FIG. 17.2 Schematic description of the different types of applied stresses, expressed in newton per square meter (N/m2) or Pascal (Pa), where
1Pa¼1N/m2 in the international system (SI). The units used formolecular, cell, or tissue levels are usually nanonewton per squaremicron (nN/μm2)
or kPa (where 1 nN/μm2¼1kPa).
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Anisotropy and Nonhomogeneity
Anisotropy is the property of being directionally dependent, which means that the physical properties of a material

are different whenmeasured along different axes (x, y, and z). As opposed to anisotropy, isotropymeans homogeneity
in all directions. Nonhomogeneity means that the material is made of the different material throughout. Because non-
homogeneous materials vary from point to point, it is important to note that the measured mechanical properties are
also influenced by the structural characteristics of the material and their microstructural constituents.

17.2.1 Measuring Skin Mechanical Properties

Several methods have been followed to determine the mechanical properties of whole skin tissue in response to
various loading conditions. These methods have been generally applied in in vivo and ex vivo samples. The majority
of the approaches use either uniaxial/biaxial tensile testing, compression, indentation, or suction, subsequently
coupled to imaging techniques such as motion analysis and digital image correlation to map the strain distribution
in the skin tissue [9, 37–42]. Since skin mechanics is strongly dependent on active processes, the in vivo analyzes
are the truly reliable methods to determine skin properties. Usually, a static or dynamic external force is applied
on a specific area of the skin surface to provoke a stretch, compression, shear, or even torsion deformation and then
assess the mechanical properties [38, 43–45]. However, these measurements can be restrictive since only small stresses
can be applied and the boundary conditions cannot be fully controlled. In opposition, higher deformation along dif-
ferent skin directions can be applied in the ex vivo tests providing useful anisotropic data [46]. In addition, ex vivo
experiments allow to conduct destructive tests and to obtain the skin mechanical behavior up to the failure point,
as well as to analyze the skin layers’ behavior separately.

17.2.1.1 Tensile Testing

Considering all of themechanical tests that are performed in skin tissue, tensile testing is probably themost common
one. This is because, in normal physiological conditions, the skin is under a state of tension even in the absence of
external loading [47, 48]. Tensile testing is performed by elongating a skin specimen under uniaxial or biaxial loading
until failure. In uniaxial tests, the skin samples are tapered into a “dog bone” shape, while in the biaxial tests, the sam-
ples are cut into a square shape (Fig. 17.4A). From the representation of the results into a stress/strain curve, a variety
of mechanical properties such as Young’smodulus (stiffness), yield stress, ultimate stress, the ultimate tensile strength,
and energy at failure can be extracted (Fig. 17.4B).

Some studies have shown that skin tissue under uniaxial tension experience three distinct stages (I, II, and III)
(Fig. 17.5) [4, 49–51]. These stages aremainly related to the structural response of the dermal collagen and elastin fibers.
In the first stage (up to 30%–40% of strain), the skin tissue is gradually stretched, and most of the mechanical response
is carried out through the elastin fibers and the proteoglycan matrix. At this stage, the contribution of the crimped
collagen fibers can be neglected [52]. When the skin is stretched to high strain levels (Stage II), the crimped collagen

FIG. 17.3 Schematic representation of the different mechanical behavior along the time of materials subjected to a tensile load.
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fibers gradually elongate and tend to align toward the load application direction [4]. The alignment of the collagen
fibers leads to a high resistance the load, which makes the skin tissue to behave as a stiffer material. Thus, the
stress-strain relation turns linear due to the stretching and slippage of the collagen fibers [53, 54]. The third stage begins
after the yield point, for skin considered the strain above 60%–70%. Then the ultimate tensile strength is reached, and
the rupture of the fibers starts to occur due to the loss of fibrillar structure [55]. At this stage, skin tissue loses the capac-
ity to return to its original shape upon removal of the tensile stress.

FIG. 17.4 Illustration of steps for mechanical tensile testing: (A) the samples are harvested and prepared into specific geometries; (B) typical
stress-strain curve highlighting important measurement points. The typical stress-strain curve is characterized by an initial linear region before
the yield point (called elastic region I) and a postyield nonlinear region (called plastic region II). In the elastic region, the loaded material will effec-
tively return to its original length when the load is removed, that is, there is a negligible permanent extension. The slope of the stress-strain curve
within the elastic region is defined byHooke’s law and Young’s modulus can be determined. In the plastic region, the material begins to yield, which
mean that the material does not recover to its original shape when the stress is removed. The yield point is called yield stress (σy) and corresponds to
the transition from linear (elastic region) to nonlinear behavior (plastic region). The maximum stress (σmax) is the highest tensile stress that the mate-
rial can support before failure, which means the ultimate tensile strength (UTS) of the material. At the end of the curve the specimen fractures (III).
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In the biaxial tests, loading is applied in two distinct directions. The first in vitro biaxial tension study of skin tissue
was reported by Lanir and Fung [56]. They studied the biaxial mechanical properties of rabbit abdominal skin in two
orthogonal directions. The results demonstrated the directional dependence of the stress-strain characteristics and the
nonlinear response and the viscoelasticity of the skin. The comparison of the skin response under uniaxial and biaxial
tension showed that the biaxial tensile loading results in the lateral compression of the stress-strain curve and the
reduction in the strain before the entry into the linear region, which is due to the two-directional stretch of collagen
fibers [50, 57]. While also suitable to understand the two-directional properties of the skin, the biaxial methods are not
appropriated to determine the failure point since the hooks affixed to the edges of the sample tend to tear the skin.

Overall, testing of whole skin indicates that resultant Young’s modulus from tensile tests varies from 0.1 to
160.8MPa, depending on the tests conditions, sample orientation, location, and so on (Table 17.1) [58–62].

17.2.1.2 Compression Testing

Although skin tissue is exposed to external compressive loads, the mechanical behavior of skin tissue under com-
pression has been rarely studied. Shergold et al. [63] studied the uniaxial compressive response of pig back skin under
awide range of strain rates and showed that the stress-strain curves exhibit a similar profile to those obtained under the
same conditions in tensile tests. Accordingly, the only difference is the strain levels at the transition to the different
stages; the transitions in the compression tests occur at highest strain levels. Nonetheless, different studies confirmed
that skin under compression is highly viscoelastic and shows a nonlinear and time-dependent mechanical behavior
[63–66].

From our knowledge, the mechanical properties of human skin tissue under compression loadings are not clearly
established yet. The few studies found in the literature are related to the animal skin.

17.2.1.3 Indentation Testing

Tensile and compression tests provide an important comprehension of the mechanical behavior of the skin in
response to extreme loading conditions but fail in providing any insight into the skin microenvironment. Micro- or
nanoscale techniques such as indentation tests using atomic force microscopy (AFM) have proved useful to examine
the skin mechanical properties at small length scales [60, 67–69]. The test consists in the use of a rigid cylindrical, pyra-
midal, or spherical indenter tip, to apply a perpendicular force on a target area of the skin tissue corresponding to a
specific cell location (Fig. 17.6). The indenter tip is attached to a flexible microcantilever, which bends toward or away
from the skin sample when attractive or repulsive forces are present, respectively [70, 71]. During the measurements,
topographical images and the vertical displacement of the cantilever and its deflection are simultaneously recorded

FIG. 17.5 General stress-strain curve for skin tissue under uniaxial tension and schematic drawings of the collagen fibers organization during the
three stages of tensile loading: Stage I: the crimped collagen fibers begin to be oriented along the tensile axis, but its contribution can be neglected;
Stage II: collagen fibers are straightening, and larger and larger amount of the fibrils reorient near to the tensile axis; Stage III: collagen fibers are
fractured and curled back.
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and then converted to load–displacement curves [72]. For this equipment, both load and penetration depth can be
controlled during the test.

From the AFM indentation measurements, the obtained values for human skin Young’s modulus vary from
0.77kPa to 322kPa for dermal tissue, and some studies reported higher elastic modulus values in the mega Pascal
range, potentially influenced by the collagen fibers in the probed area (Table 17.1) [61, 73, 74]. In fact, the contribution
of the orientation of the collagen fibers to Young’s modulus of the skin dermis and scar tissue was demonstrated by
Grant et al. [74]. AFM imaging showed that the scarred skin has a higher degree of orientation of its collagen fibrils and
displays stiffer behavior than the healthy intact skin andweaker viscoelastic creep and capability to dissipate energy at
physiologically relevant frequencies.

17.2.1.4 Suction Testing

Suction test is one of the most widely used and accepted means of measurement of skin mechanical properties
in vivo. Under this test, the tissue is elevated by applying a partial vacuum using a circular aperture, and the skin
deformation is quantified by optical or ultrasound devices [75]. Generally, the obtained results only take into account
the negative pressure applied, that is, suction, and the elevation of the dome of skin drawn up to deduce the properties
of the skin. The suction device is used to measure the skin distensibility and the in vivo mechanical properties by mea-
suring the skin elasticity as a percentage of skin retraction after the stretch [76]. This method has as a major disadvan-
tage: the dependence on the experimental conditions used such as the size of the suction cup and the negative pressure

TABLE 17.1 Young’s Modulus of Human Skin Determined With Different Mechanical Tests

Mechanical test Skin location Young’s modulus, E (MPa) Reference

Uniaxial tensile (ex vivo) Abdomen 14.96 [78]

Back (SC/E/D) 160.8 (parallel to the Ll) [62]

121 (45° to the Ll)

70.6 (90° to the Ll)

Back (SC/E/D) 112.47 (parallel to the Ll) [10]

63.75 (90° to the Ll)

Forehead (E/D) 0.33 [79]

Forearm (E/D) 1.03

Submandibular neck (E/D) 1.28

Scalp 22.74 [80]

Uniaxial tensile (in vivo) Leg/hand 4.6–20 [81, 82]

Indentation (ex vivo) Abdominal (SC/E) 1–2 [60]

Abdominal (Dp) 0.1–0.25 [83]

Breast (Dp)

Gluteus (Dp)

– 0.0258–1.18 [74]

Forearm 0.014 [84]

Lower limb 0.01–0.09 [85]

Forefoot plantar 0.03–0.08 [86]

Indentation (in vivo) Forearm 0.0045–0.008 [45]

Forearm 0.0285 [87]

Forearm 0.0011 [88]

Suction (in vivo) Forearm 18–57 [89]

Forearm 0.11–0.12 [90]

Forehead 0.21–0.25 [90]

SC, stratum corneum; E, epidermis; D, dermis; Dp, papillary dermis; Ll, Langer lines.
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applied. Several authors have used this approach to calculate the mechanical properties of human skin [9, 58, 76, 77].
Young’s Modulus measured by suction tests varies from 0.1 to 57MPa (Table 17.1).

17.3 SKIN MECHANOBIOLOGY

17.3.1 Mechanosensing and Mechanotransduction

The field of mechanobiology studies the response of tissues and cells to mechanical signals that can be given by their
surrounding environment [91]. Tissues and cells are continuously exposed to forces (F) of different types (compression,
tension, and shear) and of varying magnitude, direction, and frequency that are able to change tissue/cell behaviors
[92]. For instance, skin is continuously exposed to tension and compression forces resulting from ordinary daily actions
like stretching. Mechanical forces also exist at the cellular level due to the tension forces of neighboring cells and/or
surrounding ECM and contractile forces of cell cytoskeleton [92] (Fig. 17.7). Tissues and cells are able to sense those
forces by the process of mechanosensing and convert this signal into a biological response through a process of
mechanotransduction [91]. The process of mechanosensing is mediated by force-induced changes in the conformation
of a protein, exposure of a peptide sequence of a protein, opening of ion channels, or receptor-ligand binding changes
[93]. Integrins are the well-known transmembrane mechanoreceptors related with cell adhesion to the ECM, whereas
cadherins, occludins, and connexins are the mechanoreceptors responsible for cell-cell mechanosensing [93, 94]. Other
mechanoreceptors include G-protein-coupled receptors (GPCR, e.g., chemokine receptors (CXCR)), enzyme-like
receptors (e.g., Discoidin domain receptors (DDR), ephrin receptors, and platelet endothelial cell adhesion molecule
1 (PECAM) receptors), ion channels (e.g., transient receptor potential (TRP) channels), lipid rafts, and glycocalyx [95].

FIG. 17.6 Illustration of indentation test in and representative result plotting. (A) Bio-AFM setup inwhich skin sample is indentedwith the AFM tip
with well-defined geometry; (B) sketch force-distance curve during force mapping; (C) AFM Young’s modulus distribution in the analyzed skin area.

FIG. 17.7 Cells are in a state defined as contractile tension due to the traction and
tension forces applied to the cells. In equilibrium, tension and traction forces are in
balance, and cell mechanotransduction is not activated. Mechanotransduction is acti-
vated once the forces are unbalanced. Cell cytoskeletons elongate once ECM-cell ten-
sion forces are higher than cell cytoskeleton contraction forces, whereas the
cytoskeleton relaxes once cell cytoskeleton contraction forces are higher than
ECM-cell tension forces.
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Mechanosensing is then followed by the process of mechanotransduction that occurs through alterations at the sub-
cellular and molecular levels through intracellular proteins (e.g., vinculin and talin), kinases and phosphatases (e.g.,
focal adhesion kinase (FAK)), cytoskeletal components (i.e., actin filament andmicrotubule), or intermediate filaments
(e.g., keratin, dermin, plectin, lamin, and vimentin) [93]. Thus it is clear why the mechanosensing force is mechano-
transduced into a biological response related with the activated signaling pathway that can be, for instance, adhesion,
survival, apoptosis, proliferation, migration, or differentiation [93, 96, 97].

The effect of the stiffness and topography over skin cells has been largely reviewed, but the result of mechanical
forces on skin cells has only been considered recently and will be the focus of this section. In the skin, different cells
are able to mechanosense mechanical forces. The most distinctive mechanoreceptors are neurons that are able to sense
touch, itch, pain, and temperature stimuli. Merkel cells, the Ruffini corpuscle, and the Meissner’s corpuscle both at the
epidermis and dermis of the skin are also able to mechanosense external forces and transmit the signal to sensory neu-
rons called low-threshold mechanoreceptors (LTMRs) that in turn send the signal to the central nervous system [98,
99]. Other cells existing in the skin, including endothelial cells [100], adipocytes [101], stem cells [102], Langerhans cells
[103], andmelanocytes [104, 105], also sensemechanical stimuli, but the effect of mechanical loading over skin cells has
only been explored for the main skin resident cells—fibroblasts and keratinocytes. This is probably because these cells,
in addition to the external stimuli, are continuously exposed to internal passive tension forces resulting from cell-cell
(keratinocytes and fibroblasts) and cell (fibroblast)-ECM interactions. External forces exerted at air-epidermis interface
enhance the active tension in the skin and on both cell types due to the stretching of cell junctions and collagen fibrils.
The mechanical stimuli are transmitted along the air-epidermis interface throughout the epidermis due to hemides-
mosomes existing in the epidermal-dermal junction that maintain the mechanical continuity along the two skin layers
[106]. Animal models have been used to understand the effect of forces over the different skin cells [25–27]. However,
these studies are mainly performed using rodent skin that is both anatomically and mechanically different from
human skin [107]. Moreover, human skin is a complex organ, and the continuous exposition to different stimuli,
including other than mechanical ones such as chemical, radiation, electric, etc., renders difficult the understanding
of isolated effects. Hence, the effect of external forces over keratinocytes and fibroblasts has been mainly explored
in vitro by the application of external forces onto cells.

17.3.2 Effect of Forces Over Fibroblasts and Keratinocytes

The first study of the effect of forces over skin cells was in 1990. G€ormar et al. showed that cyclic compression forces
of pestle-shaped weights over keratinocytes induced their differentiation [108]. Similar studies using compression
forces conducted in dermal skin fibroblasts showed increased production of metalloproteinases (MMPs) in response
to the stimulus [109]. To our knowledge, these were the only studies that explored the effect of compression forces over
skin cells. This may be due to the limited significance of compression forces, as keratinocytes and fibroblasts in the skin
are only subjected to tension forces. Thus skin mechanobiology studies have focused on the effect of tension forces of
different orientations,magnitudes, frequencies, and periods over keratinocytes (Table 17.2) and fibroblasts (Tables 17.3
and 17.4).

In the late 90’s, researchers started developing in-house mechanical loading units to study the effect of tension on
cells cultured onto silicone substrates [110, 111]. Keratinocyte mechanobiology was empowered with the arising of
mechanical stretching units for sell [16, 112–115]. Tension forces showed to affect keratinocytes by activating the
epithelial-mesenchymal transition [115], promoting proliferation [112, 113, 115–118] through the activation of ERK
signaling pathway [111, 116, 119], and by activating antiapoptotic mechanisms [120, 121] mediated by the activation
of the Akt signaling pathway [117, 120, 121]. Moreover, tension forces induced keratinocytes migration [122, 123],
basement membrane ECM production [16, 118], expression of basal layer-associated keratins [16, 116], and decreased
expression of upper layer-associated ones [116]. These responses seem to be mediated by integrin β1 [111, 119, 123].
These studies revealed that tension mechanical loading has a prominent effect on keratinocytes and that the observed
responses are independent of force orientation, magnitude, frequency, and period of the loading (Fig. 17.8).

The first observations regarding the mechanobiology of fibroblasts refer to 1983 when Allen and Schor detected the
contraction of free-floating collagen gels loaded with dermal fibroblasts [127, 128]. In the absence of gel anchorage (no
mechanical loading), the contractile tension existing between dermal fibroblasts and collagen gels becomes unbal-
anced prevailing fibroblasts traction forces that lead to gel contraction. This did not occur if gels were anchored
because the mechanical loading due to anchoring maintained a balanced between the cell traction and the cell-
ECM forces [127] (Fig. 17.9). The dermal fibroblasts in the anchored gels showed an elongated morphology and pro-
duced higher amounts of ECM in contrast with the round morphology and the reduced synthesis of the mediators of
ECM synthesis observed with fibroblasts in free-floating gels [127, 129–131] (Fig. 17.9, Table 17.3). These responses
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TABLE 17.2 Mechanotransduced Response of Keratinocytes Subjected to Tension Loading

Force Substrate Cell Mechanotransduced response Reference

Uniaxial
Cyclic
Strain: 14%–33%

N/A KCs "IL-1α
"IL-1R antagonist
"E-selectin in human vascular endothelial cells mediated by media
conditioned by mechanically stimulated KCs
Activate vascular endothelium

[110]

Uniaxial
Static/cyclic
Strain: 10%
Frequency: 0.17Hz
Period: 15min–7days

Type I collagen hNFKCs "Proliferation "DNA synthesis "Elongation "Protein synthesis
#cAMP #PKA #PGE2
Regulated by Il-1 release

[112, 113]

Uniaxial
Static
Strain: 10%
Period: 5min–24h

Arginine HaCaT Activation of ERK signaling pathway
Regulated by β1-integrins

[111]

Uniaxial
Static
Strain: 20%
Period: 24h

Type I collagen NHK "Calcium influx
"Proliferation
Activation of ERK1/2 and Akt signaling pathways
"K6 #K10

[116]

Uniaxial
Static
Strain: 10%
Period: 5min

Arginine HaCaT Regulated by angiotensin II type 1 receptor.
Activation of Akt signaling pathway
Antiapoptotic

[121]

Uniaxial
Static
Strain: 20%
Period: 15–30min

Type I collagen NHK Activation of Akt signaling pathway
Antiapoptotic

[120]

Uniaxial
Static
Strain: 10%
Period: 5min–48h

Type IV collagen, fibronectin, laminin,
arginine, fetal calf serum

HaCaT " Substrate adhesion to fibronectin and collagen type IV but not to laminin
Activation of ERK signaling pathway
Regulated by β1-integrins

[119]

Uniaxial
Static/cyclic
Strain: 10%–30%
Frequency: 1Hz
Period: 3min–24h

Type I/IV collagen NHKs # uPA protease (static stretch)
" uPA protease (cyclic stretch)

[114]

Uniaxial
Static/cyclic
Strain: 10%
Frequency: 0.17Hz
Period: 72h

Type I collagen HaCaT Orientation perpendicular to stress
Reduced area
" MMP-9 protease

[124]
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Uniaxial
Cyclic
Intermittent (tension
+relaxation)
Strain: 10%
Frequency: 0.17Hz

Type I collagen NFKCs "AKT
"BAD (I)
#Proliferation (after 2days of I)

[117]

Uniaxial
Cyclic
Strain: 10%–20%
Frequency: 1Hz
Period: 24–48h

Type I collagen NHKs
HF

"Endothelin 1 [125]

Uniaxial
Static
Strain: 15%–30%
Period: 6days

PDMS HaCaT
HF

Asymmetric migration of KCs and HF in coculture
Regulated by EGF derived from HF, not KCs

[122]

Uniaxial
Cyclic
Strain: 20%
Frequency: 0.2Hz
Period: 12–72h

Type I collagen HaCaT hESCs " E-cadherin, catenin β1, connexin 43, desmoglein 1, endothelin 1, integrin α6, IL-α1, keratin
1/6/10/14, KGFR, laminin α5, fibronectin 11, MMP-9

[16]

Uniaxial
Cyclic
Strain: 10%
Frequency: 0.5Hz
Period: 1–72h

Type I collagen Neonatal or adult
foreskin KCs

"Proliferation #Differentiation [115]

Uniaxial
Cyclic
Strain: 10%
Frequency: 0.03Hz
Period: 5days

Type I collagen HSE
(NHK+HF)

Thicker epidermal layer
"Laminin 5
"Collagen IV/VII
Development of basement membrane

[118]

Uniaxial
Static
Strain: 20%
Period: 6days

Type I collagen HaCaT
HF

KC migration mediated by β1-integrin [123]

Uniaxial
Static
Strain: 10%
Period: 5min

Arginine HaCaT Desmosomes and keratins involved in mechanosensing [126]

Uniaxial
Static/cyclic
Strain: 20%
Frequency: 1Hz
Period: 6days

Type I collagen or fibronectin HaCaT #Proliferation (cyclic)
Regulated by β1-CASK signal pathway

[20]

BAD, BCL2-antagonist of cell death; cAMP, cyclic adenosine monophosphate; EGF, epidermal growth factor; ERKs, extracellular signal-regulated kinases; HaCaT, keratinocyte cell line from human adult skin;
hESCs, keratinocytes derived from human embryonic stem cells; HF, (primary) human fibroblasts; hNFKCs, human neonatal foreskin keratinocytes; HSE, human skin equivalents; IL, interleukin; KCs, keratinocytes;
KGFR, keratinocyte growth factor receptor; MMP, metalloproteinase; N/A, not available; NF-κB, nuclear factor kappa-light-chain enhancer of activated B cells; NHKs, (primary) normal human keratinocytes; PDMS,
poly-dimethylsiloxane; PGE2, prostaglandin E2; PKA, protein kinase A; PKB, proto-oncogene protein kinase B; TGF, transforming growth factor; uPA, urokinase-type plasminogen activator.
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were then associated with the activation of the p130Cas phosphorylation of Src family kinase [132], of the PGE2
through cAMP-dependent mechanism in the EP2 receptor [130] and of the TGF-β/SMAD3 pathway [131].

Further studies on human dermal fibroblastswere conducted by exposing the cells to tension forces (Table 17.4). The
most evident result after the application of tensile forces on fibroblasts loaded in flexible silicon membranes was the
increased production of ECM synthesis mediators [133] and of ECM proteins, especially collagen and elastin [17–24,
133–138]. Moreover, collagen fibrils [134, 136, 137, 139, 140] were aligned in agreement with the alignment of the cells
but perpendicular to the stretch [137, 139–141]. Interestingly, tension was also found to regulate levels of metallopro-
teinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) secreted by fibroblasts, which impacts ECM deg-
radation [19, 23, 138, 140, 142, 143]. The secretion of some growth factors, including vascular endothelial growth factor
(VEGF), TGF-β1, TGF-β2, TGF-β3, connective tissue growth factor (CTGF), Cyr61, nerve growth factor (NGF), and stro-
mal cell-derived factor (SDF)-1α was also found to be upregulated after subjecting fibroblasts to tension forces [137,
138, 144]. Moreover, tension leads to increased cell migration [140] and proliferation [24, 137, 138] and reduce cell apo-
ptosis [18, 140]. All these results suggest that fibroblasts present a more active “synthetic” phenotype that coincides
with myofibroblast phenotype as shown by the expression of α-SMA [19, 135, 145, 146]. These mechanotransduced
responses are mediated by different signaling pathways andmediators, including integrin β1 [24, 137, 141], focal adhe-
sion kinase [141], Rho GTPases [141], TGF-β pathway [24, 133, 135, 137, 147], p38 pathway [21, 135, 141, 148], ERK
pathway [18, 21, 135, 148], Jnk pathway [18], Akt pathway [18, 148], Wnt pathway [140], SMAD [147], and
P130cas [24, 137]. Nevertheless, in some studies, tension was found to decrease fibroblast proliferation [20, 148], col-
lagen production [20, 149], and the release of CTFG [149, 150].

17.4 BIOMECHANICS AND MECHANOBIOLOGY IN THE CONTEXT OF SKIN
WOUND HEALING

Healthy skin tissue is normally under tensile stress, but upon a small incisional wound, the skin relaxes. Cell-cell
and cell-matrix forces are disrupted at the woundmargins breaking the cell stress-shielding cap. A wound of a greater
diameter than the incision wound that tends to elongate in the direction of the greatest stress is formed. Wound elon-
gation after a surgical incision was originally demonstrated by the 19th century by the German anatomist Karl Langer
[5, 151]. Langer thrust conical spikes through the skin of cadavers producing multiple splits over the entire human
body and observed that the wound transformed into an elliptic form. By joining the major axes of these ellipses,
he drew and catalogued the pattern of tension lines on the body, producingwhatwe now termLanger’s lines [5]. These

TABLE 17.3 Mechanotransduced Response of Human Dermal Fibroblasts Loaded
into Free-Floating or Anchorage Type I Collagen Gels

Cell Mechanotransduced response Reference

HNFFbs Cell migration
Gel contraction

[127]

HDFbs #Procollagen type I and III
#Carboxy-procollagen peptidases
#Lysyl oxidase
(relaxation)

[129]

HDFbs
(fetal)

#Contractile forces #Stress fibers #Collagen contraction,
modulated by PGE2 through cAMP-dependent mechanism
through the EP2 receptor (tension)

[130]

HDFbs #hDFb size
#Mechanical force
#TGF-β2 receptor
#SMAD3 pathway
#ECM production
(relaxation)

[131]

HDFbs "p130Cas
Phosphorylation of Src family kinase

[132]

hNFFbs, human neonatal foreskin fibroblasts; hDFbs, human dermal fibroblasts; PGE, protaglandin
E synthase; cAMP, cyclic adenosinemonophosphate; EP, prostaglandin E receptor; TGF, transforming
growth factor; ECM, extracellular matrix.
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TABLE 17.4 Mechanotransduced Response of Dermal Fibroblasts After Tension Loading

Force Substrate Cell Mechanotransduced response Reference

Cyclic
Biaxial
Strain: 20%
Frequency: 1Hz
Period: 48h

Type I collagen hDFbs "Procollagen
"Proteinase C
Activated by TGF-β-

[133]

Uniaxial
Force: 120 dynes
Cyclic
Strain: 10%
Frequency: 11 dynes/min
Period: 10min–11h

Collagen Lattices
Collagen Sponges

hDFbs "MMP-2, MMP-9, and PLAT
#MMP-3 and uPA

[142, 143]

Equibiaxial cyclic
Strain: 20%
Frequency: 0.1Hz
Period: 24h

Type I collagen hDFbs "Cell proliferation transcripts
"Connective tissue synthesis
#ECM degradation #Inflammatory
mediators
"VEGF, TGF-β1, TGF-β3, CTFG, Cyr61
transcripts

[138]

Uniaxial
N/a

Rat tail
Type I collagen

hDFbs
(healthy and striae)

" α-SMA
" Contractile force

[145]

Equibiaxial
Cyclic
Strain: 16%
Frequency:
0.2Hz
Period:8days

Fibrin hDFbs "Stronger gels "Denser "Thinner "Collagen [17]

Cyclic
Strain: 10–24%
Frequency: 0.1–0.17Hz
Period: 24h

Type I collagen hDFbs #Proliferation
Activation of p38 and ERK1/2 (repetitive)
Activation of AKT and BAD pathways
(intermittent)

[148]

Uniaxial cyclic
Strain: 20%
Frequency: 0.16Hz

Type I collagen hDFbs #CTFG
#COL1A2
"Heparan sulfate
proteoglycan 2

[149]

N/a PGA fibers hDFbs Spindle shape cells
Aligned collagen fibers
"Collagen fibril diameter
"Tensile strength

[134]

Axial
Cyclic
Strain: 4–12%
Frequency: 0.1Hz
Period: 30min–12h

Type I collagen hNFFbs Cell orientation
Activation of FAK, p38, and Rho
Regulated in part by integrin β1

[141]

Uniaxial
Cyclic
Strain: 10%
Frequency: 2mm/min
Period: 7 w

Fibrin-based
tubular constructs

hNDFbs "Collagen "Elastin "ECM deposition and
disorganization
"α-SMA and SMAD2/3
Activation of TGF-β1 and p38
Inhibition ERK

[135]

Biaxial
Cyclic
Strain: 5%
Frequency: 0.3mm/s
Period: 60–90min

Fibrin gels hDFbs Fiber alignment
Fibrin degradation
"Elastin and collagen, in a geometry-
dependent manner

[136]

Equibiaxial
Cyclic
Strain: 15%
Frequency: 0.1Hz
Period: 24h

Type I Collagen hDFbs #α-SMA, CTGF, and ET-1
α-SMA and CTGFmodulated by ET-1 levels

[150]

Continued
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TABLE 17.4 Mechanotransduced Response of Dermal Fibroblasts After Tension Loading—cont’d

Force Substrate Cell Mechanotransduced response Reference

Uniaxial
Cyclic
Strain: 10%
Frequency: 0.5Hz
Period:1h

N/A hDFbs "NGF and TGF-β2 [144]

Uniaxial
Cyclic
Strain: 120%
Frequency: 0.17Hz
Period: 24h

N/A hDFbs "Migration
Cell orientation
#Apoptosis
"Collagen degradation
Regulated by Wnt and integrin

[140]

Uniaxial
Static/cyclic
Strain: 5%
Frequency: 0.5Hz
Period: 3–4 w

Tubular cell sheets hNDFbs Cell and collagen alignment
" Stiffness

[139]

Cyclic/static
Uniaxial
Strain: 10%
Frequency: 1Hz
Period: 96h

Type I collagen hDFbs "Type I procollagen
"TIMP-1
#MMP-1
Differentiation

[19]

Cyclic
Frequency: 1Hz

Type I collagen hDFbs #Apoptosis
"Cell survival
"Adhesion
"ERK " JNKs "AKT
"Synthesis ECM
"Denser focal adhesion
"VEGF "SDF-1α

[18]

Uniaxial
Cyclic
Strain: 10%
Frequency: 0.1Hz
Period: 48h

N/A hDFbs (from two different
skin sites)

"Proliferation
"Integrin β1, p130Cas, and TGF-β1

[24]

Uniaxial
Static
Strain: 10%
Period: 24h

Rat tail
Type I collagen

hDFbs
hNFFbs

" MMP-2, TIMP-2, and collagen type III
in HDFs (hDFbs but not hNFFbs)

[23]

Static/cyclic
Strain: 20Hz
Frequency: 1Hz
Period: 6 d

N/A hDFbs #Proliferation (cyclic)
#Collagen I (cyclic)
"Fibronectin (cyclic)
"Collagen I (static)
#Fibronectin (static)

[20]

Uniaxial
Cyclic
Strain: 10%–20%
Frequency: 0.1Hz
Period:24h

N/A hDFbs (hypertrophic and
normal skin)

" Cell proliferation
Cell Orientation
"TGF-β1
"Collagen
Regulated by integrin β1 and P130Cas

[137]

Uniaxial
Cyclic
Strain: 15%
Frequency: 0.5Hz
Period: 15min–2weeks

Fibrin gels hDFbs "Collagen deposition
Activation of ERK1/2 and p38

[21]

CTFG, connective tissue growth factor; ECM, extracellular matrix; ERK, extracellular signal-regulated kinases; ET-1, endothelin 1; FAK, focal adhesion kinase;
hDFbs, human dermal fibroblasts; hNDFbs, human neonatal dermal fibroblasts; hNFFbs, human neonatal foreskin fibroblasts; JNK, c-Jun N-terminal kinase;
MMP, metalloproteinase; N/A, not available; NGF, nerve growth factor; PLAT, plasminogen activator; SDF-1, stromal cell-derived factor 1; TGF, transforming growth
factor; TIMP, metalloproteinase inhibitor; uPA, urokinase-type plasminogen activator; VEGF, vascular endothelial growth factor; α-SMA, α smooth muscle actin.
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lines run parallel to the main collagen fibers in the dermis but do not always follow the line of wrinkle [10]. Through
these studies, it was possible to demonstrate the anisotropic nature of skin and tomap the natural lines of great tension
that occur within the skin tissue. Hence, surgical incisions that are performed perpendicular to the lines tend to pull
open in the direction of the greatest stress and close with the formation of a scar tissue [152]. This evidence was further
confirmed in a pig model that holds more significance in terms of skin anatomy and biomechanics [28, 153]. This has
motivated prevention actions during surgical procedures to reduce scarring, that is, incision procedures are now being
performed along the Langer’s lines to reduce the scar area. Moreover, to prevent scar formation during the healing of
incisional wounds, care products that relievewound tension have emerged. Silicone bandages that contract thewound
holding the incision margins together and bandages with zip that are able to distribute the forces during the skin clo-
sure through the action of a zip system are some examples. These bandages compress the wound along axial incision
extension, and the magnitude of the force can be controlled, resulting in a reduced scar area. These therapeutic
approaches are however inefficient in the treatment of excisional wounds as wound margins cannot be connected
due to the lack of skin tissue. The healing of excisional wounds is associated with scarring due to the contraction
of the dermis mediated by myofibroblasts. Myofibroblasts are specialized contractile fibroblasts differentiated from
fibroblasts in response to transforming growth factor β1 (TGF-β1) [11]. Myofibroblasts express α-SMA and synthesize
type I collagen that contribute to the reorganization of the ECM. These specialized contracting cells exert increased
traction forces that are able to pull the ECM shortening the surrounding collagen network. Due to their
“synthetic” phenotype, myofibroblasts synthesize new collagen that stabilizes the surrounding collagen network. This

FIG. 17.9 Mechanotransduced response of human dermal fibroblasts loaded into free-floating or anchorage type I collagen gels.

FIG. 17.8 Tension forces applied into cells.
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phenomenon leads to not only the remodeling of the damaged ECM but also contraction of the dermis. After wound
repair, TGF-β1 is reduced, and the activity of myofibroblasts is reduced due tomyofibroblast dedifferentiation to fibro-
blasts [11]. These findings demonstrate that the focus of new therapeutics for the treatment of excisional wounds
should go beyond skin mechanics and interfere with myofibroblasts mechanobiology. In fact, Kun et al. have recently
shown accelerated healing and lower scar formation of mice excisional wounds by inhibiting FAK, one of the main
mediators of mechanobiology [154]. This response was associated with the reduced action of myofibroblasts and
reduced collagen deposition. Despite the increasing knowledge observed in the last years in the fields of skin mechan-
obiology and biomechanics, the mechanobiological processes occurring in wound healing are still far from being
totally understood. Better knowledge of these processes will be a breakthrough in the development of new therapies
for a scarless wound healing.

17.5 FINAL REMARKS

The growing knowledge of skin biomechanics and skin mechanobiology has greatly contributed to understand the
importance of mechanical stress in skin homeostasis and in skin wound healing. Knowledge of the importance of
mechanical stress in wound healing has potentiated the creation of new therapies to counteract the wound healing
forces and improve the normal skin tensegrity. In addition to the mechanical off-loading therapies, other therapies
that focus on skin mechanobiology events are a pathway to follow in the future. It is clear that strategies that aim
for scarless wound regeneration should consider not only the cellular and biochemical milieu of the wound healing
process but also the mechanical environment. Nonetheless, the future successes will greatly depend on a better under-
standing of the molecular mechanisms involved in the skin response to the wound intrinsic mechanical forces as the
stimuli and underlying mechanisms that drive wound healing to be elucidated.
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