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ABSTRACT 

Skin wounds are common in humans and animals. However, The mechanical properties 

of healing skin wounds have not been clearly delineated. The goal of this research was to 

perform an exploratory investigation into the viscoelastic properties of wounds in vivo 

during the healing process using a pig model. A portable skin stretching apparatus was 

specifically developed to measure the relaxation properties of skin. In vitro experiments 

were carried out to validate the in vivo methodology. The tensile strengths of normal skin 

and scar were also obtained by in vitro testing. The results of this research indicated that 

the relaxation properties of wounded pigskin were restored almost to normal levels within 

28 days of injury. However, the tensile strength of skin scar is restored more slowly than 

viscoelastic properties, with only about 60 percent of the original strength being regained 

by 70 days after injury. 
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CHAPTER ONE: Introduction 

Skin is the outmost covering of the body,1'1 forming a barrier between the body and 

the external environment.121 Skin is also known as the cutis or integument.131 Because skin 

is the most exposed organ, it is consequently the one most subject to injuries.141 Humans 

or animals who suffer extensive loss of skin due to injury or illness are in danger of 

succumbing to infection or severe fluid loss.151 Extensive injuries to the skin also cause 

overwhelming psychological and physical distress to patients, which may lead to major 

disability or even death.161 Every year, thousands of people in the world suffer from 

wounds to their skin from various causes, such as burns, trauma or surgery etc. As an 

example, in the United States each year more than 1.25 million people have burns'71 and 

6.5 million have chronic skin ulcers caused by pressure, venous stasis or diabetes 

mellitus.[8] The cost of treatment for such skin wounds is considerable. 

Skin is a complex organ mainly composed of two layers: epidermis and dermis.13'91 It 

has a multicomponent microstructure. The predominant components of skin are collagen 

and elastin fibres embedded in an amorphous ground substance.1101 The functions of skin 

are to contain and support internal organs, to protect them from unfavourable external 

stimuli (chemical, thermal, mechanical, biological and radiative), to participate in 

maintaining a proper internal milieu and to serve as a sensory interface with the external 

world. t2 ] Normal skin is essential for the survival of humans and animals because skin 

provides thermal regulation, prevents dehydration through evaporative water loss and 

acts as protective barrier against a hostile environment.191 Mechanically, the most 

important functions of the skin are to support internal organs and protect them from 

abrasion, blunt impact, cutting and penetration etc., while at the same time allowing 

considerable mobility. The skin's ability to perform this variety of functions results 
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from a unique combination of mechanical properties which are closely related to its 

microstructure.[21 

Tactile stimulation to the skin is vital for normal growth and development of skin 

and its normal psychophysiological function. Accidental injury may result in damage to 

any or all layers of skin. A superficial abrasion involves the epidermal layer of the skin. 

Full-thickness injuries involve the epidermal and dermal skin layers, and also may affect 

subcutaneous tissue, muscle, and bone. When the skin is disrupted by injury such as 

trauma or surgery, a series of interdependent physiological events occur that result in 

tissue repair.[9] These occur within the four major phases of healing - inflammation, 

proliferation, matrix deposition and remodeling.The tissue response has seven major 

components: hemostasis, inflammation, fibroblast proliferation, matrix deposition, 

angiogenesis, epithelialization and contraction. Through these responses, the process of 

healing is initiated, directed and finally terminated with the formation of scar tissue - the 

complete re-establishment of the essential barrier.19121 Therefore, the healing of skin 

wounds involves a variety of complex biological mechanisms.121 In this complex process, 

the mechanical properties of skin are subject to constant change due to the damage to the 

microstructure caused by the injury, and the subsequent gradual restoration of properties 

accompanying tissue repair during healing. 

The human body, from an engineering point of view, involves a load-transmitting 

mechanism. The body is subject to self-originated or environmentally imposed actions. 

These in turn manifest themselves in actions on tissue, and the tissue's capability to 

withstand and transmit the corresponding loads through deforming appropriately can be 

characterized in health and disease.1131 Skin, the largest organ of the body, is one of the 

most complex tissues. It plays an important role in force transmission when the body is 

injured. Thus the functionally most important feature of the healing process of a skin 

wound is to restore mechanical properties to skin - the ability to deform without failure 

when joints move, to transmit load when objects are picked up, to resist failure when 
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objects are hit accidentally etc. The mechanical properties of skin are important 

indicators of pathological situations (wound healing, edema, Ehlers-Danlos syndrome 

etc.).[,4] 

The sequence of events in connective tissue regeneration is similar in all mammals. 

Repair of open wounds may be predicted by several methods in experimental animal 

models.1151 In one context, the speed of wound healing can be determined by the 

mechanical properties of scar, reflecting the quality and speed of physical regeneration. 

The study of the mechanical properties of scar can therefore be helpful in understanding 

the healing process of the wounds and developing techniques for producing scars with 

better mechanical properties. Moreover, precise knowledge of the mechanical properties 

of the skin will be of great value to plastic surgeons in designing the size, shape and 

orientation of a skin graft.[14] 

The biomechanical study of skin began as early as one to two centuries ago. 

However, most of the early studies were focused on in vitro experiments.116171 Although 

these studies produced some valuable information about the mechanical properties of 

skin under in vitro conditions, the skin was removed from the live subject. The 

limitations of this sort of study are obvious. It is for these reasons that in vivo research 

has become preferable. In the past 20 - 30 years, the imagination of scientists and 

engineers has created a number of instruments dedicated to the measurement of the 

mechanical properties of skin.'181 Many in vivo tests have also been carried out by 

different methods with those devices. However, most of these studies investigated the 

mechanical properties of normal skin. The study of mechanical properties of wounded 

skin was mainly limited to the measurement of tensile strength. In the literature, there is a 

paucity of information regarding the mechanical properties of wounded skin during 

healing. Skin is an inhomogeneous material, exhibiting anisotropy, viscoelasticity and 

nonlinearity.[19] How these properties change with healing is unknown. Viscoelasticity is 

one of the most important properties of skin, so monitoring the viscoelastic behaviour of 
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both diseased and healthy skin is a necessary part in any investigation dealing with skin 

mechanical properties.1181 Thus in the study described here, information about the 

mechanical properties of skin in the field of wound healing was obtained through some in 

vivo exploratory studies of the viscoelastic properties of skin wounds. There are many 

different methods available for determining viscoelastic properties of skin. In the present 

study, a uniaxial tensile test was developed and applied to a model system. 

It has been pointed out on numerous occasions that experimental animals other than 

rodents are desirable for biomechanical research on skin, [20] especially in studies related to 

dermal repair. Pig skin is believed to resemble that of humans more closely than the skin 

of the commonly used laboratory rodents,121 ] but the mechanical tests of skin reported so 

far have been mainly associated with the use of rodent models. Therefore, juvenile 

female pigs were used as animal model in this research. Full-thickness skin wounds were 

made on these pigs which were subsequently left to heal naturally. A new, portable, 

uniaxial strain apparatus was developed specifically for the measurement of the 

viscoelastic behaviour of these wounds during healing. An experimental protocol was 

designed according to the characteristics of the developed apparatus and the animal 

model. In vitro tests were also carried out to validate the in vivo methodology. The tensile 

strengths of scar and normal skin were also obtained from the in vitro tests. 

The mechanical properties of skin are determined by its constituents and structure. In 

order to understand the mechanical properties of skin, their changes with body region, 

age, sex, and the alteration of these properties by injuries or diseases etc., it is necessary 

to have a clear knowledge about the morphology of skin. Chapter 2 presents a survey of 

the composition and structure of normal skin, and changes caused by healing of wounded 

skin pertaining to the mechanical properties. The uniaxial strain test method is outlined in 

detail in Chapter 3, with results presented in Chapter 4. Parameters related to the 

viscoelasticity of skin are determined. These values are compared between normal skin 

and scar, in vivo and in vitro. The validity of the in vivo methodology is discussed and 
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some improvements are suggested in Chapter 5. The final chapter presents the 

conclusions drawn from this research and some recommendations. 
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CHAPTER TWO: The Structure and Properties of the Skin 

In human adults, skin has a surface area of 1.5 to 2.0 m2, and accounts for about 16 

percent of total body weight, making it the largest organ of the body.'31 Skin is not a 

simple tissue, but a complex organ containing multiple structures derived from several 

germ layers.'221 The properties of skin are determined by its microstructure. The study of 

the mechanical properties of skin is usually done by means of various tests. In order to 

understand and interpret the test results, it is important to have a clear view of the 

morphology of skin. 

2.1 The Composition and Structural Characteristics of the Skin 

Skin has a stratified structure consisting of two main layers: the epidermis, or cuticle, 

and the dermis, or corium (Fig. 2.1). The epidermis is the exterior cellular covering, and 
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the dermis is a dense connective tissue layer, which provides the firmness and elasticity 

of healthy skin. These two layers make up the true skin. The subcutaneous tissue, or 

subcutis, is beneath the dermis, apposed to the fascia, and is sometimes included as part 

of the anatomy of the skin.[3] 

The thickness of each layer varies according to anatomical site. Normally the dermis 

is the thicker layer by an order of magnitude, but in some regions, such as the palm of the 

hand and the sole of the foot, the epidermis has greater thickness.'231 

The layers of the skin are intimately connected, but very distinct in their nature, 

structure and properties. Each layer consists of various cell types and structures.1241 

The epidermis is the outmost protective layer.131 It's completely cellular, typically 

made up of a keratinized, stratified, squmous epithelium that mainly contains five 

histologically distinct cell types: keratinocyte, melanocyte, langerhans cell, merkel cell 

and mast cell. 1 3 9 1 These cells are organized into layers that are arranged superficial to 

deep: stratum corneum (cornified layer), stratum lucidum (clear layer), stratum 

granulosum (granular layer), stratum spinosum (pickle-cell layer) and stratum basale 

(basal layer). The stratum corneum makes up the most superficial skin layer and is 

composed of nonviable, desiccated cells (keratinocyte) that are continually shed. These 

cells are stacked in columns and interdigitate with cells of adjacent columns.191 The low 

permeability of the stratum corneum to water retards water loss, prevents dehydration, 

and thus provides the skin's protective function against the environment.[25] Below this 

horny layer are the living cells in the granular, spinous and basal layers. The columnar 

basal cells undergo continual mitosis and are the source of new cells that eventually reach 

the stratum corneum. The epidermis also provides the exit for hair follicles and glands. 

Epidermal thickness varies with age, sex and body location, being thinner in the eyelid 

for example, and thicker in the sole of foot and palm of the hand.191 

The dermis lies between the epidermis and the subcutaneous tissue.'91 It's a 

connective tissue mainly composed of fibrous proteins: collagen, elastin and reticulin 
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embedded in an amorphous ground substance.[9,23] The predominant components of the 

dermis are collagen fibres and the ground substance. Collagen (primarily type I, with 

lesser amount of type III) accounts for 60 - 80% of the dry weight of the skin depending 

on age, sex and site.[2] Histological studies of collagen fibres using both light and electron 

microscopy demonstrate a three dimensional, apparently disordered network of wavy or 

coiled fibres. These fibres are structured in several layers of primarily planar network, 

with some running between the layers. In relaxed skin, the collagen fibres are arranged 

roughly parallel to the epidermis.126'271 The ground substance accounts for 70 - 90% of the 

skin's volume,121 filling the spaces between the fibres and the cells in the dermis. Besides 

water, ground substance consists of glycosaminoglycans (GAG), proteins, enzymes, 

metabolites and other substances. The most important constituents are GAG's which 

interact with collagen and influence both the rate and nature of fibril formation.1231 Elastin 

accounts for about 4% of the dry weight of the skin. Elastin appears as fine fibres which 

intertwine around the thicker collagen fibres in the deep layer of the dermis, but are rather 

straight close to the epidermis.121 Reticulin fibres account for 0.4% of the dry weight of 

the skin, and consist basically of collagen III. Such fibres are located around blood 

vessels and hair, close to the epidermis.1281 Because of their minute quantity, reticulin 

fibres are thought to have little effect on the skin's overall response.121 

The dermis is subdivided into two layers: a superficial layer, the papillary dermis, 

and a deeper reticular dermis.131 The papillary layer underlines the epidermis and forms 

about 10% of the full dermis thickness.1231 This layer is composed of interlacing fine 

collagen fibres, blood vessels, nerve endings and thermo-receptors. The reticular layer is 

composed of densely intertwined bundles of coarse collagen fibres, which provide the 

skin with structural support.13'9231 Dermal appendages, hair follicles and sweat glands are 

within the reticular dermis and extended upward through the epidermis. These serve as an 

important source of epidermal regeneration during wound healing.191 Dermis gives the 

skin its substance. Dermis also plays a role in the protective function of the skin by 
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cushioning deeper structures from mechanical injury.1251 The junction between the 

epidermis and the dermis is undulated with upward projecting dermal papillae and 

downward projecting rete ridges.t9] The dermis provides nourishment to the epidermis 

through its rich supply of vascular and lymphatic structures and is important in wound 

healing and remodeling.[925] 

The subcutaneous tissue, or panniculus, lies between the lower border of the dermis 

and the deeper fascia and muscle tissue. The functions of subcutaneous tissue are to 

absorb shock, insulate, store nutrients and shape the body contour. The subcutaneous 

tissue is composed of many cells: adipocytes, fibroblasts, histocytes, plasma cells, 

lymphocytes and mast cells. There is less vascular supply in this layer, which leaves the 

subcutaneous tissue vulnerable. Although not generally considered as part of the true 

skin, the subcutaneous tissue is closely associated with the dermis and is an important 

tissue to consider in terms of wound healing. Complications of impaired healing, such as 

infection, often have their origin in subcutaneous tissue.191 

2.2 The Mechanical Characteristics of the Skin 

The mechanical properties of skin are highly variable, depending on the species, age, 

exposure, disease and biological difference between individuals. In the same individual, 

skin properties vary with site and orientation, and may be altered by irradiation, drugs 

and chemicals.121 The complex behaviour of the skin can be attributed to the specific 

structural properties of skin.[191 

2.2.1 The Mechanical Role of the Skin Components 

The mechanical behaviour of the skin is considered to be determined mainly by the 

dermis.'191 The principal components of the dermis for the mechanical behaviour are the 

fibrous proteins: collagen, elastin, and the amorphous ground substance.1231 

Collagen fibres, the main constituent of dermis as well as skin are the major 
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mechanical element in the skin. [ 2 , 2 3 ] Collagen fibres dominate the anisotropic and non

linear behaviour of skin.1 1 9 , 2 9 1 There are five types of collagen with different tissue 

distributions. Only type I and type III are responsible for the mechanical properties of 

skin. Type I is the predominant collagen in skin, almost 90% of the dermal collagen 

fibres are of this type.[23] The characteristic of collagen fibres in the skin is their wavy 

appearance. When stretched, the waveform of these fibres disappears and fibres tend to 

line up with the uniaxial stress direction.[26,271 The gradual straightening of the collagen 

fibres results in an increasing stiffness.1101 With stretch, the effects of collagen fibres 

predominate over those of all the other components.121 After loading, the fibres return to a 

wavy configuration — an important merit in a tissue, which may be stretched in any 

direction.1101 Collagen fibres are strong and stiff, having very high tensile strength of 1.5-
2 j 8 

3.5x10 MPa, and Young's modulus of about 10 Pa. In the natural state, collagen fibres 

are viscoelastic.121 It is generally accepted that for high stresses, the mechanical properties 

of skin mainly reflect collagen properties.1301 

Elastin fibres are usually referred to as elastic fibres.1231 These fibres have rubber-like 

properties, being much less stiff and having a low modulus of elasticity (about 106 Pa). 

Elastin fibres can be reversibly stretched to more than 100%.12,231 When the tissue is 

strained, elastin fibres are the first to be stretched, thus their effect on the response of the 

whole skin is significant at low levels of strain when the collagen fibres are still 

crimped.'21 For low stress values, the magnitudes of the purely elastic parts of the 

deformation of the human skin in vivo can be related directly to the amount of elastin 

fibres involved in the straining process.1231 The elastic properties of the elastin fibres have 

been verified by many investigators. Daly [ 3 1 ] treated human cadaver skin specimens with 

the enzyme elastase, which degrades elastin but doesn't affect collagen. He found that the 

elasticity of the skin after treatment had almost been lost totally. Dick [ 3 2 ] analyzed skin 

discs from cadavers mechanically. He concluded the loss of elastin fibres in older 
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individuals resulted in a loss of skin resistance to deformation at low stress. 

Histological observation and scanning electron microscopic studies have concluded 

that both the collagen and elastin fibres are arranged in a preferential direction - the so 

called Langer's lines. [33,34] Finlay[16] and Manschot[23] etc. reported that these lines were 

first described by Dupuytren who noticed that wounds in the skin made by round sharp 

awls were oblong instead of circular; then Langer and subsequently Cox systematically 

observed the response of the skin of cadavers by inserting a pointed instrument with a 

circular cross-section into the skin, and diagramming the major axis of the resulting 

ellipse. These axes formed a pattern. Apart from the preferential disposition of this 

pattern - the direction of Langer's lines, it was also found that the collagen and elastin 

fibres along these lines are more stretched than those across the lines. Thus, the former 

are under higher tension and higher stretch, and give rise to a lower extensibility and a 

higher initial stiffness in the direction of Langer's lines.t35] Study of the directional 

variability in the epidermis surface pattern indicates that Langer's lines are intimately 

related to the visible crease and wrinkle lines of the skin (except in the palms, soles and 

some areas on the limbs).[36] The use of Langer's lines in skin surgery is the most 

successful application of mechanics and mechanical concepts for clinical purposes.121 

The role of the ground substance in the mechanical behaviour of skin is not yet clear. 

Studies on the effects of temperature and humidity on the spectrum of relaxation times in 

very low strain levels (0.6%) show similar responses of skin to that of gels consisting of 

hyaluronic acid and water. This suggests that the fluid-like ground substance is 

responsible for the viscoelastic behaviour in the low strain range and exudes from the 

interfibre space while the fibres become reoriented and densely packed upon stretch.[2] 

Harkness1371 demonstrated increasing creep of collagenous soft tissue treated with trypsin 

or chymotrypsin. They attributed this mechanical change to loss of the cementing 

substance in connective tussue.[38] Minns, Soden and Jackson[39] performed stress-strain 

and relaxation studies on human tendon, aorta, and bovine ligamentum nuchae after 
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removing the ground substance with an enzyme or chelating agents. They noted a 

decrease in stress level, stiffness, stress relaxation, hysteresis, and other time-dependent 

effects in all three tissues with loss of ground substance. These changes were explained 

primarily as a reduction in the viscosity of the interfibre matrix.1381 The compressive tests 

of the skin show significant effects of the ground substance. The speed of compression, 

the amount of expressible fluid and the skin's permeability all increase upon application 

of hyaluronidase. These effects are thought to be related to the affinity to water of the 

matrix mucopolysaccharides.'21 

The epidermis contributes little to the skin's resistance to stretch, but its contribution 

to the skin's frictional resistance is high. Because the epidermis is exposed to a wide 

range of temperature and humidity, epidermal stress-strain relations are significantly 

influenced by these two factors. The tensile strength decreases and the breaking strain 

increases with increasing humidity and temperature. The stratum corneum of the 

epidermis is viscoelastic, and this property is also greatly affected by the variation of 

temperature and humidity. However, compared to the thick dermis, the contribution of 

the epidermis to the mechanical behaviour of the skin is little.'21 

2.2.2 The General Mechanical Properties of the Skin 

In the natural state, skin is in tension, and exhibits extensibility. The inherent tension 

of skin is related to the content and direction of collagen and elastin fibres in the dermis, 

and varies with age and site. Skin tension is one of the determining factors in the 

mechanical response to an incised wound. It plays an important role in the course of 

wound contraction during healing.'401 Under macroscopic deformation, the overall 

mechanical behaviour of skin is inhomogeneous, viscoelastic, non-linear and 

anisotropic.'191 

Skin is obviously an inhomogeneous material because of the fibrous, cellular, 

vascular, granular and amorphous components of which it consists. In practical problems, 
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usually the dimensions of specimens are orders of magnitude larger than any of the skin's 

components, and the response of the entire skin thickness is of importance. In these cases, 

skin can be considered as statistically homogeneous.121 

Time 

Fig.2.2 The typical response curves for skin (T. H. Cook, 1989)[41] 

a. stress vs strain curves for different testing directions 
(parallel (along) and perpendicular to (across) Langer's lines) 

b. creep curve 
c. stress relaxation curve 

The stress-strain relationships of skin, as typically shown in Fig.2.2a, clearly show 

nonlinear and anisotropic properties of the skin. In these curves, two parts can be 

distinguished: part I, usually referred to as the "toe region", in which low loads cause 

rather large extensions of the skin, and part II, in which high loads are needed for further 

elongation of the tissue.123'411 These characteristics of the stress-strain relationship of skin 
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can be interpreted with the histological structure. Initially the skin is slack, and the 

collagen fibres lie in a wavy pattern. Upon stretching with a small stress, the collagen 

fibres tend to line up with the stress direction, while the elastin fibres are stretched. 

During this phase, the stiffness of the skin is low, small stresses produce large strains 

(part I). Once the collagen fibres are sufficiently aligned, further stretching of the skin 

requires extension of the collagen fibres, which results in a significant increase in skin's 

stiffness up to a maximum constant level (part II).[23] Thus for large stress values, the 

stress-strain relations become almost linear.t30] 

The non-linearity of the skin's response can be accounted for by the rotation and 

gradual straightening of the collagen fibres.[2] The skin's anisotropy is evident from the 

different responses in different directions, reflected in the stress-strain curves shown in 

Fig.2.2a. The anisotropy of the skin follows the same directional pattern as Langer's 

lines: The skin's extensibility is lowest in the direction of the lines, which means the 

highest stiffness coincides with the Langer's lines. The stiffness of the skin gradually 

decreases as the direction of uniaxial stress deviates from the lines, with the lowest 

stiffness in the perpendicular direction.1351 

Skin is a viscoelastic tissue. This property has been demonstrated by uniaxial, 

biaxial, torsional, and various dynamic compressive tests.[2] Skin exhibits the common 

properties of viscoelastic materials: hysteresis, stress relaxation and creep, [ 3 8 ' 4 2 , 4 3 ] as 

shown in Fig.2.2. The stress-strain relations of the skin are rate-dependent[35] and exhibit 

considerable hysteresis, which implies that the stress-strain relationships in cyclic loading 

and unloading are different (Fig.2.2a). When skin is stretched and allowed to return to its 

original length, the stress-strain curves of loading and unloading will not be 

superimposed.138'441 Skin tissue also shows relaxation (Fig.2.2b) - the phenomenon of 

decreasing stress with time when a constant displacement is placed on the skin; and creep 

(Fig.2.2c) - increasing strain or deformation over time when a constant load is placed on 

skin. [38] The viscoelastic response of the skin is not linear: the modes of relaxation and 
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creep depend on the corresponding levels of strain or stress.[2] In vitro biaxial stress 

relaxation tests also reveal that the relaxation modes are different in different stress 

directions.[14] Thus skin's viscoelasticity is anistropic. 

A desire to define the mechanical properties of the human body and its tissues started 

about two to three centuries ago.[16] During the last two centuries, skin has been studied 

extensively both in vitro and in vivo, in human and in animal models. However, because 

of skin's complexity, almost all significant work has been done on isolated skin in 

vitro.[m Basically, in the in vitro tests, certain shapes of skin samples are removed from 

the body. The sample is mounted on the test instrument, and stretched uniaxially or 

biaxially to obtain its response to loading. The merit of this method is that the skin 

sample is isolated from the body, is easy to handle, and its dimensions are exactly known. 

The boundary conditions of the in vitro test are easy to control. Because of these 

characteristics, in vitro testing can lend itself to standard testing procedures.1411 

Many of the early in vitro experiments were flawed due to unsophisticated 

equipment and poor control of such variables as temperature and humidity.1381 Larrabee[381 

reported that the early in vitro studies by Wohlisch were performed by recording the 

displacement of strips of skin when loaded with weights, and Wohlisch recorded both the 

load elongation properties, as well as some of the viscoelastic properties. Ridge and 

Wright developed a skin extensometer which stretched strips of skin 1 cm in length by 

0.4 cm in width at a constant rate of 0.5 cm per minute.1451 They performed uniaxial 

tension tests on human skin samples taken at biopsy and autopsy, and then characterized 

the resulting stress-strain curves. They also performed a series of experiments with an 

extensometer in which they stretched pieces of skin parallel and perpendicular to the 

normal skin tension lines. Their results showed a clear difference in the directional 

mechanical properties in the skin, which corresponded to Langer's lines. Daly [ 4 6 ] further 

refined uniaxial testing. He first recognized that in order to obtain consistent results, the 

specimens must be tested in a constant temperature, humidity, and with a constant strain 
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rate. In addition to measuring stress-strain relationships and Poisson's ratio, he also 

performed extensive experiments investigating stress relaxation and creep in human 

cadaver skin. Lanir and Fung investigated the mechanical properties of rabbit skin in 

vitro with a biaxial experimental system.[14,47] They carried out several types of tests, and 

measured the stress-strain relations and stress relaxation of the skin. The results they 

obtained demonstrated that skin is an anisotropic, viscoelastic, nonlinear, and rate-

dependent material. 

Although in vitro tests have yielded some valuable information about the mechanical 

properties of skin, there are problems with deterioration of skin after it is removed from 

the living animal. This was noted by Marangoni et al,m who recognized the gross 

difference in mechanical properties of specimens in vivo and in vitro, and developed a 

technique of quick freeze-low temperature storage, with a subsequent quick thawing prior 

to testing in an attempt to maintain the skin in the in vivo condition as long as possible. 

Even with such a technique, however, the skin has lost its blood supply, lymphatic 

drainage, nerve and hormonal control, in vivo metabolism, and attachments to the 

surrounding skin and subcutaneous tissue, all of which must greatly alter its mechanical 

properties.[38] Thus the significance of in vitro tests to the in vivo situation cannot be 

evaluated. 

2.3 The Characteristics of Wounded Skin 

The vulnerability of the body to injury caused by impact is partly dependent upon the 

force transmission characteristics of the skin and bone tissue which encapsulate the 

underlying organs.m Skin is the shield of the body from the outside world and a means of 

interacting with it, so skin is subject to various insults and injuries, such as cuts, 

abrasions, burns, punctures, or blisters etc. Upon injury, the epidermal and dermal 

elements are disrupted and the cutaneous vasculature is severed.131 This directly results in 

changes to the mechanical properties of the skin which are determined by its composition 
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and structure, and therefore affects the normal functions of the skin. The healing skin 

wound has to restore the composition, structure, mechanical properties and functions 

toward the normal level through tissue repair. Tissue repair or wound healing is an 

extremely important function of skin. [25] 

Poor treatment of a routine or simple wound frequently contributes to delayed 

healing or an unsightly scar. The primary goal of the treatment of wounds is rapid wound 

closure and functionally and aesthetically satisfactory scars.[6] This requires a better 

understanding of the mechanism of wound healing both in biomedicine and 

biomechanics. 

2.3.1 The Basic Processes in Wound Healing 

Wound healing is a dynamic, complex and interactive process involving soluble 

mediators, extracellular matrix and a number of cell types.[6] Basically, wound healing has 

four phases: inflammation, fibroblast proliferation, matrix deposition and remodeling -

that overlap in time,1121 as shown in Fig.2.3. 

Physiologically, wound healing begins at the moment of injury and proceeds through 

cellular recruitment and interaction until tissue continuity is re-established.19' The initial 

phase of wound healing is characterized by hemostasis through thrombus formation and 

an influx of inflammatory cells into the injured site.1501 This occurs in minutes to hours. 

The damage to small and large vessels and lymphatics causes the release of blood and 

plasma into the wound site. This is immediately followed by a number of events to 

reduce blood loss: vasoconstriction, coagulation, platelet aggregation. As a consequence, 

the margins of wound are rapidly engulfed in a fibrin clot containing variable amounts of 

tissue debris and foreign material. The combination of the fibril network produced by 

cross-linked fibrin together with the multiple factors released from platelets, such as 

platelet-derived growth factor, begins the formation of a provisional matrix.[6,9] The 

thrombus is not merely a plug to stave the further loss of blood at the injury site, but a 
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complex macromolecular substrate for cell migration that contains a wide spectrum of 

mitogens and chemoattractants for numerous cell types.[121 
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Fig.2.3 Hypothetical sequences of events in wound repair (J. M . Davidson, 1992)[12] 

Following thrombus formation, secondary vasodilatation and increased capillary 

permeability ensue, resulting in the initiation of acute inflammation as inflammatory 

cells; first neutrophils and then monocytes enter the wound site. Neutrophils cleanse the 

wounded area of foreign particles and bacteria and then recede slowly by extrusion with 

eschar or by being phagocytosed by macrophages. On entering the wound, the monocytes 

become tissue macrophages that phagocytose debris and destroy bacteria. Macrophages 

release a plethora of growth factors such as platelet-derived growth factor and vascular 

endothelial growth factor, which initiate and propagate the formation of new granulation 
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tissue.[3,6,9] 

As acute inflammation begins to come under control, wound healing enters the cell 

proliferation phase, beginning approximately 3 to 4 days postwounding. This phase is 

characterized by the activity of fibroblasts.13,6'91 The fibroblasts are differentiated from 

mesenchymal cells which are stimulated by growth factors. The fibroblasts use the 

strands of fibrin and fibronectin, the structural molecules of the provisional matrix, as 

scaffold to migrate across the wound and commence the synthesis of the extracellular 

matrix. The major function of fibroblasts in wound healing is to synthesize the basic 

monomer of the collagen fibres as well as proteoglycans and elastin. Collagen provides 

strength and support to new tissues through its deposition and cross-linking in the injured 

area. New capillary formation closely follows the entry of fibroblasts into the wound. 

New capillaries result from endothelial budding of existing capillaries in tissues 

surrounding the wound and are supported by the collagen produced by fibroblasts. The 

new vasculature provides a continued supply of nutrients for wound healing and 

formation of the granulation bed consisting of fibroblasts, collagen, new vessels and 

macrophages.[9] With continuing migration of fibroblasts towards the centre of the wound, 

fibroblasts begin to elaborate a new, more structurally sound matrix mainly composed of 

collagen I. The interstitial collagenase activity is high in this period, leading to an 

accelerated turnover of collagen and a final balance of synthesis and degradation until 

collagen synthesis ceases. Thus a new granulation tissue mainly composed of collagen, 

new capillaries, fibroblasts, macrophages and mast cells gradually replaces the initial 

wound matrix of adhesive and coagulant properties.[3,22] The earliest collagen fibres laid 

down in this tissue are fine and slender fibrils. As wound repair progresses, these fibrils 

gradually aggregate into larger and thicker collagen fibres. However, the collagen fibres 

lack the orderly architecture of normal skin collagen. In this phase, the wound regains its 

strength gradually with the synthesis and deposition of new collagen fibres, but the 

strength is still at a low level. [51] 
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When the epithelium is disrupted at the time of injury, re-epithelialization must occur 

as rapidly as possible to reestablish tissue integrity. Within 24-48 hours of wounding, 

epithelial marginal basal cells enlarge, flatten, undergo mitosis and migrate over the 

defect. When the surface layer is complete, the cells divide again, forming another layer 

of epithelium. In addition, through the deposition of granulation tissue, wound 

contraction occurs to reduce the size of the scar area by inward movement of existing 

tissue at the wound edge.[9] Contraction is a vital aspect of open wound healing. The size 

of the tissue defect is reduced so that a lesser degree of connective tissue deposition and 

epithelialization is required. Contraction predominates in traumatic open wounds as well 

as contaminated surgical wounds that are packed open and subject to dressing changes.131 

As healing progresses, edema decreases and no longer requires the support of a dense 

cellular and vascular network. The tissue enters into the final repair process - remodeling. 

It begins around 3 weeks after injury and continues over months to years.193 The study of 

the healing of normal wounds under moist non-adherent dressings showed that the 

wounds have completely closed around day 16 post-wounding (Fig.2.4).t52] During the 

remodeling phase, the early red, edematous, firm scar softens, lightens to pink, and 

becomes smaller. Scar tissue gains increasing strength as collagen remodeling progresses, 

with the formation of larger, more organized collagen bundles and an increase in the 

number of intermolecular cross-links. However, scar tissue only achieves about 80% of 

the original strength during this phase and never reaches that of normal skin. i 6 , 9 ] 

2.3.2 The Mechanical Characteristics of Skin Wounds during Healing 

As stated before, skin is not a homogeneous substance. It contains cells, a fibrous 

network mainly composed of collagen and elastin, and amorphous ground substance 

which consists of GAG's, proteins, enzymes, salt and water etc.. This heterogeneous 

composition, together with the physical arrangement of the components, is responsible 

for the mechanical properties of skin. Thus the mechanical properties of skin are assumed 
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Fig.2.4 Healing of normal wounds under moist non-adhesive dressings 
(J. B. Wright et al, 1999)[521 

to be subject to change with the disruption of the microstructure of the skin caused by 

injuries. 

The development of tensile strength in the scar is an important feature of the healing 

process. In the initial phase of wound healing, which is about 4-6 days post-wounding, 

the skin wound is characterized by very low tensile strength, which results from the 

severing of collagen bundles and fibrils at the wound site. As fibroblasts begin to appear 

and migrate across the wound, a slow increase in wound strength corresponds to the 

increase in fibroblasts which begin to produce immature collagen as early as 24 h post-

wounding.t50] After 4-6 days, the strength of the healing wound increases significantly. 

This is related to the fibroplasia and an increase production of collagen. After the 

collagen content of a wound has stabilized, the strength continues to increase, owing to 

the reorganization and maturation of collagen into larger bundles and cross-linking of the 
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already formed collagen fibres. The arrangement of collagen fibres in scar tissue is 

disorganized, and this is corrected to a degree during remodeling. However, some 

disorganization still persists. There is an almost imperceptible gain in strength of wounds 

for at least 2 years.[22] Nevertheless, wounds never attain the same breaking strength as 

uninjured skin. 

The development of the scar's ultimate mechanical properties with time has been 

studied by several investigators using experimental wounds in animals. Levenson et al 

studied the breaking strength of wound using rat skin. [53] Their results showed the tensile 

strength of rat wounds plateaus approximately 3 months following injury, reaching a 

maximum value at 1 year post-wounding which is only 80 percent of the tensile strength 

of normal skin. The studies of sutured skin wounds by Forrester and his colleagues 

confirmed that the scar became progressively less extensible than normal skin, and 

showed no tendency to return towards normal after 150 days.[54] However, there are some 

reports claiming that the wound may eventually regain its initial strength. The studies 

reported by Sussman[55], Glaser et aP6] and White et aPn on wound healing showed that 

tensile strength, strain at rupture, maximum stiffness, and energy absorption at rupture 

were all increasing with time after wounding. The tensile strength and stiffness increased 

from approximately zero at day 6 post-wounding, up to levels close or equal to the 

unwounded control after one year.[57] 

The stress-strain relations of the scar tissue change significantly with time after 

wounding. The curve for a scar was found to be below the curve of an unwounded 

control at day 10 post-wounding, but above it after 20 days.[2] Clark et al found that scars 

on human forearm skin exhibit nonlinear stress-strain relations which are similar in 

shape, but of higher stiffness than those of normal skin. [ 5 8 , 5 9 1 

In summary, the mechanical properties of wounded skin are sure to be changed by 

injuries, but how they change with time during healing is not very clear. The studies of 

the mechanical properties of skin have long been focused on normal skin. Although there 
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are some studies regarding the mechanical properties of wounded skin, most of them 

focused on the measurement of the tensile strength of the scar because this sort of 

experiment is relatively simple and easy to carry out. There are significantly fewer in vivo 

studies about the low load mechanical properties of the wounds, particularly the 

viscoelastic behaviour. Although tensile strength is a good parameter for assessing the 

rate of wound healing, studying only the tensile strength is not sufficient to get an overall 

understanding of the restoration of the mechanical properties of skin wounds during 

healing. In order to understand the healing process of scar tissue from the viewpoint of 

biomechanics, further in vivo study of the mechanical properties of wounded skin is 

necessary. 

Viscoelasticity is one of the skin's most important properties. The skin has to 

maintain the integrity and function of the internal biological medium no matter what the 

external conditions are. For example, the skin is subjected to deformations as a result of 

body movements and suffers exposure to cold, warm, sun, dryness, various diseases, 

injuries, and natural aging process. But finally the skin can fulfill its functions just 

because it exhibits remarkable viscoelastic properties which are due to its structure, 

composition and dimensions.1181 Therefore we can expect that monitoring the 

viscoelasticity of wounds can indicate how this important property is restored during 

healing. 

2.4 In Vivo Methods for Measuring the Viscoelastic Properties of Skin 

Because of the obvious limitation of in vitro tests, more and more researchers have 

realized the importance and necessity of in vivo study in order to obtain useful 

information about the mechanical properties of skin. During the last two to three decades, 

various mechanical devices have been created for the measurements of the skin's 

mechanical properties in vivo by stretching, pulling, compressing, pinching, twisting and 

vibrating it. [ 1 8 ] Basically, there are two types of methods for in vivo tests: 
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1. Methods measuring the skin's properties in its own plane: stretching, torsion and 

wave propagation; 

2. Methods using devices working perpendicularly to the skin plane: indentation, 

suction, elevation and "ballistometry". 

The schematic representation of the physical principles of different techniques and 

corresponding types of curves recorded is shown in Fig.2.5. [18] 
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t 

Fig.2.5 Schematic representation of different in vivo methods (J. L. Leveque, 1987)[18] 

(a) stretching method (b) torsional method (c) vibrating methods 
(d) indentation and elevation methods (e) ballistometry 



25 

In the first category, for the stretching method, two main techniques exist. The first 

one essentially consists of two metal tabs with specially chosen shape and size. The tabs 

are attached to the skin by means of adhesive tape or glue at a certain distance apart, 

then they are driven apart by an apparatus at a constant speed. A sensor measures the 

force needed to elongate the skin.[181 The quasi-static extensometer was originally 

designed by Evans.[60] The extensometer applied a uniaxial tensile strain by a constant 

speed electric motor to skin in vivo, and the resulting force was measured. Since Evans 

developed his extensometer, a number of researchers have used variations of this sort of 

instrument to perform in vivo studies of the mechanical properties of skin. Gibson, Stark 

and Evans reported the use of this device in studies of the anisotropy of human skin over 

the chest.1611 Clark et al used this instrument to monitor the maturation of postburn 

hypertrophic skin. [ 5 8 , 5 9 , 6 2 ] Wijn [ 6 3 ] and Manschot1251 have used this method to study the 

mechanical properties of human skin in vivo for small and large deformations 

respectively. Recently Meijer et al studied the anisotropic and non-linear behaviour of 

human skin in vivo with this uniaxial method.[19] They glued a rigid plastic frame onto the 

skin to isolate the skin under investigation from its surrounding area mechanically (see 

Fig.2.6), and thus limited the deformation to a defined area. They also applied a number 

of markers to the surface of the skin under investigation to obtain information about 

deformation field. 

The second technique is based on the use of the gas bearing electrodynamometer 

(GBE). This device records the displacement of a small tab glued onto the skin in 

response to a sinusoidal driving force. A force sensor is mounted on the axis of the GBE. 

Alternating deformations of any small amplitude are generated at low frequency.'181 

Christensen et al used this method to investigate the viscoelasticity of human skin. [64] 

In the torsional method, a stainless steel disc is attached to the skin and its rotation is 

recorded as the response to the application of a given torsion. Duggan described such 

systems without a guard ring in 1967,[65] and later Daly et al designed and developed a 
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Fig.2.6 In vivo test on skin with a rigid plastic frame to limit the deformation 
of skin to a defined area (R. Meijer et al, 1999)[19] 

system with a guard ring in 1969.[66] Based on the work done, Finlay improved it into a 

torsional servo system.1161 Depending on the amplitude of the torque and the geometrical 

arrangement of the device, the properties of either the whole skin or the epidermis can be 

recorded.'181 

The wave propagation methods use piezoelectric components to excite mechanical 

waves traveling longitudinally along the skin surface, and measure the in vivo velocity of 

these waves. The velocity is related to the elastic modulus and density of the tissue.1181 

McHugh et al used this method to examine biomechanical changes in human skin after a 

burn injury.1671 

In the second category, the principle of indentation, elevation and suction is 

employed either to pull or to compress the skin by a force; the deformation of the skin 

surface is recorded using a micrometer or an electronic sensor. Another way is to 

establish a positive or negative pressure using a fluid placed in a closed chamber. The 
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deformation of the skin is then measured through the displacement of the fluid meniscus 

or by ultrasonic echography."81 Grahame and Holt, [ 6 8 ] Alexander and Cook et al,m Serup 

and Northeved,1701 Pierard and Lapiere,1711 and Fong et af2] etc. have developed various 

devices for such sorts of measurements. 

The "ballistometry" method consists of a small hammer mounted on a pendulum, 

slightly disequilibrated, which falls onto and bounces off the skin surface. The number of 

bounces depends on the amount of absorbed energy in each impact.1181 

Although there are various engineering methods and instruments for the in vivo 

investigation of the mechanical properties of skin, no matter which method is used in 

vivo, the deformation field produced in the skin is not uniform.121 Under in vivo tests it is 

exceedingly difficult to obtain a uniform strain field throughout the specimen or to 

control the conditions along the boundaries. An ideal procedure should consist of in vivo 

multiaxial tests with uniform strain field, but this ideal has not yet been achieved.121 

Generally, there isn't an overall superior experimental method available now. Some 

techniques have distinguishing features which make them suited for specific studies. For 

example, uniaxial in vivo tests are well suited for studies of directional effects.121 It is 

probably the most popular method for determining the mechanical properties of skin in 

vivo because of the simplicity of this type of testing procedure. 

From the preceding therefore, very little research related to the study of mechanical 

properties of wounds has been performed. Currently, there is no knowledge about the 

viscoelastic behaviour of healing skin wounds. Thus, the research described here is a 

first, exploratory study into changes in viscoelasticity over time in healing skin wounds. 

In the research described here, the uniaxial stretch method was used to measure one of 

the viscoelastic properties of skin - relaxation. A portable, uniaxial strain apparatus was 

developed specifically for the in vivo test. In vitro tests were also carried out to validate 

the in vivo tests. The tensile strengths of the wounds were assessed at the end of the 

whole experiment. The details of the experimental process are outlined in Chapter 3. 
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CHAPTER THREE: Skin Stretching Apparatus 

Uniaxial tension is a simple and effective way of studying the biomechanical 

properties of skin. In in vitro tests, the parameters of the test can be defined clearly. In 

vivo, the test creates a "field" problem with stress and strain varying both between the 

points being separated and with depth in the skin. Whereas, in vitro a state of uniaxial 

tension can be created, this will not be the case in vivo - surface strain between the tabs is 

nearly uniform.[19] As mentioned earlier, in vivo or in vitro experimental methods have 

their own advantages and disadvantages. The two types of methodology can complement 

each other to some extent, and the methods can also be used to validate each other. For 

these reasons, both in vivo and in vitro "uniaxial" stretch-relaxation methods have been 

used in this study. 

The purpose of the research was to study the change in mechanical properties of 

healing skin wounds with time. This was implemented by: 1) monitoring the change in 

the viscoelastic behaviour of both excisional healing wounds and normal skin versus time 

by in vivo and in vitro stretch-relaxation methods; 2) determining the relationship 

between the mechanical properties of healing and normal skin; 3) validating the in vivo 

test method with in vitro tests; and 4) determining and comparing the tensile strengths of 

normal and wounded skin in vitro. 

The experimental model was the healthy immature (growing) pig. The general 

experimental protocol was firstly to perform in vivo tests on normal skin; then to remove 

skin samples from those regions where the tests were performed. These samples were 

tested in vitro (day 0). After 28 days of natural healing, in vivo tests were performed on 

both the wounded skin and a contralateral non-wounded region. Tests were repeated on 

day 28, 42, 56, 70 post-wounding. The pigs were then sacrificed; and normal skin and 
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scar samples were removed from the pigs for in vitro testing (day 70). The details of both 

in vivo and in vitro experiments are presented in sections 3.1 and 3.2. 

3.1 In Vivo Experimental Method 

The in vivo experimental method used in the study is a uniaxial stretch with the force 

generated being measured over time. The basic principle of this method is to apply a 

displacement on the skin of a live subject via two tabs attached to the skin to make the 

skin stretch a certain distance, then to keep the skin stretched for defined period of time 

to measure its relaxation response. 

3.1.1 The Experimental System 

The in vivo experimental system consists of three parts: a uniaxial stretching 

apparatus, a data acquisition board and a computer system with the LabTech Notebook 

program. 

The uniaxial stretching apparatus or extensometer has been the most popular 

instrument for determining the mechanical properties of skin in vivo. It is characterized 

by two tabs glued to the skin and driven apart from each other.[29] While there are many 

different types of extensometer, the basic principle is the same. Devices based on this 

principle have been used both for studying the directional properties of skin as well as for 

clinical evaluation of healthy and diseased skin. f29] 

The uniaxial stretching apparatus (see Fig.3.1 and Fig.3.2) developed specifically for 

this study is approximately 120 mm in length. The device is made of perspex which 

makes it very light and easy to handle. The apparatus has been designed in such a way 

that a force is generated by an imposed displacement with both the displacement and the 

resulting force being measured. In the apparatus, three units can be distinguished: a linear 

potentiometer, a load cell, and two stainless steel pointers connected to two stainless steel 

tabs. One pointer is fixed to the body of the extensometer; the other pointer connected to 
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Fig.3.2 The developed apparatus 

the load cell is movable. The apparatus is operated by holding it steady on the test subject 

with one hand and separating the pointers with the other either manually or with a motor. 

The motor used was from a 2.4 V cordless screwdriver, which can rotate at a 

constant speed of 150 RPM. With the pivot of the drive thread, the movable tab 

(Fig.3.1a) could be displaced at 2.4 mm/s. The displacements are transmitted to the skin 

via the two stainless steel tabs attached to the skin. Square tabs were chosen (rather than 

circular ones, for example) because a relatively uniform strain field with strain lines 

parallel to each other and perpendicular to the edges of the tabs is produced.'191 The strain 

field caused by circular tabs would be completely non-linear and thus much more 

difficult to compare to in vitro tests where uniform strains can be developed on dog-bone 

shaped specimens. The two tabs have dimensions of 3/4 x3/4 xl/4 and have a divot in 
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their centre. The tabs are attached to the skin by double-sided adhesive tape, and 

connected to the apparatus by fitting the two pointers of the apparatus into the matching 

divots in the tabs. When the movable tab is displaced, the reactive force is measured by 

the load cell. The load cell built in the stretching apparatus has a full bridge strain gauge 

configuration to maximize sensitivity. As shown in Fig.3.3, the load cell is an aluminium 

proving ring constructed with four strain gauges. The four strain gauges are attached 

symmetrically on the inner and outer sides of the proving ring. The two regions of the 

ring with strain gauges attached are flattened as thin as possible. Thus, the force 

transmitted through the proving ring produces a larger strain, increasing the sensitivity of 

the load cell. 

Fig. 3.3 Load cell of the stretching apparatus 
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The initial distance between the tabs is approximately 60 mm. The maximum 

displacement of the movable tab to extend the intervening skin is 30 mm - created by the 

linear potentiometer used to measure displacement. The movement of the linear 

potentiometer is calibrated to 0 - 10 volts for a displacement of 0 - 30 mm. 

The linear potentiometer and the load cell are connected to a data acquisition board 

from which the voltage and the strain are sent to the program - LabTech Notebook in the 

computer system. The load and displacement are obtained automatically by multiplying 

the strain and voltage with a corresponding calibration factor within the program. The test 

results can be displayed on the computer screen during the experiment and recorded in a 

data file by LabTech Notebook. The data obtained are: time, displacement, strain and 

load. 

3.1.2 Calibration of the Apparatus 

Before testing, the load cell and displacement potentiometer had to be calibrated. The 

purpose of calibrating the potentiometer and the load cell is to: 1) check the linearity of 

their output; 2) determine the calibration factor of the load cell which converts the strain 

into force; and 3) determine the calibration factor of the potentiometer which converts the 

voltage output into units of displacement. 

3.1.2.1 Calibration of the Load Cell 

The calibration of the load cell involves recording the strain output of the load cell 

for a series of known loads in the tension direction, and then checking the linearity of the 

output. The slope of the load-strain curve is the calibration factor for the load cell. 

The apparatus was mounted vertically on a bench vise (Fig.3.4), and connected to the 

data acquisition board which was linked to the computer system. Precision weights were 

used to calibrate the load cell in the range 1 - 10 N . A total load of 20 N was applied to 

the apparatus via a hanger on the movable pointer fixed to the load cell in increments of 1 
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N . The direction of the applied force was the same as that in the stretch experiment. The 

load versus strain curve showed good linearity (Fig.3.5), and the scale factor obtained is -

2.832 x 10 . This calibration factor was then verified by applying the weights to the 

apparatus again to determine if the loads obtained from the LabTech Notebook program 

are the same. The accuracy of the load is set to be 0.01 N in the LabTech Notebook 

program. 

Fig.3.4 Calibration of the load cell 
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Fig. 3.5 Calibration curve of the load cell 

Because the apparatus is operated by hand, the motion of the hand may induce forces 

from other directions such as the direction perpendicular to the testing direction or out of 

testing plane. The sensitivity of the load cell to these possible forces was checked in the 

calibration by applying loading in the direction perpendicular to the testing direction, or 

twisting the apparatus to induce out of testing plane force. It is found that the induced 

forces sensed by the load cell were small (about -90 |ie for 1 N lateral force). Thus, as 

long as the apparatus is held steadily, the forces induced from other directions (out of 

plane or perpendicular to the testing direction) are not significant. 

3.1.2.2 Calibration of the Potentiometer 

In the calibration of the potentiometer, the voltage output of the potentiometer for a 

series of known displacements in both directions was recorded, and the linearity of the 

output was checked. The slope of the displacement - voltage curve was the calibration 

factor for the potentiometer. 

The linear potentiometer was calibrated using a displacement calibrator which is 

accurate to 0.001 mm. The potentiometer was mounted in the calibrator and moved in 
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both directions through its entire range of motion (30 mm) in increments of 2 mm. With 

an input voltage of 10 v, the output of the potentiometer was recorded. The curve of 

voltage versus displacement was linear (Fig.3.6). The calibration factor obtained for the 

linear potentiometer was 2.999. The accuracy of the displacement was set to be 0.01 mm 

in the LabTech Notebook program. 

After calibration, the calibration factors obtained for the load cell and linear 

potentiometer were set in the LabTech program. Then the voltage and strain output from 

the linear potentiometer and load cell respectively can be transformed to displacement 

and force automatically at the specified accuracy. 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 

Displacement (mm) 

Fig.3.6 Calibration curve of potentiometer 

3.1.3 Materials and Methods 

3.1.3.1 Animal Models 

Animal models are crucial in wound healing research as they provide a means of 

studying the complex in vivo cell and matrix interactions'111 and the resulting change of 

the mechanical properties that occur in living tissue without the limitations and potential 
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artifacts inherent to in vitro techniques. 

In studies of the mechanical properties of skin, the test subjects have been mostly 

rats, rabbits, guinea pigs, dogs, cats, pigs, cadaver skin and others. Human cadaver skin, 

although useful for some types of experiments, is mechanically different from that of the 

living human.[171 Currently, most researchers use rodents as the animal models because of 

their low cost, small size, relative ease of handling and care. However, these animals 

have a layer of panniculus carnosus between the skin and the underlying muscle. This is 

the layer which allows the skin to move easily over the underlying muscle and makes 

these animals a poor mechanical model if the study concerns the attachment of the skin to 

the subcutaneous tissue.1171 Another fact is that keloids, hypertrophic scar and intra

abdominal adhesions do not occur in these species. These findings indicate that healing in 

such animals is different from human wound healing.131 Compared to rodents, pigs are 

well accepted as the best animal model for human dermal repair due to the similarities 

between pig skin and human skin.[111 These similarities include the relative thickness of 

the dermis and epidermis and the presence of a similar density of dermal appendages. 

The anatomy and physiology of the pig are also remarkably similar to the human.[11] The 

immature pig has neither a developed panniculus carnosus nor a well-developed layer of 

fat beneath the skin. All of the potential animal models have less elastin than humans, but 

the elastin content of the piglet dermis is closest to that of man. In addition, the immature 

pig has lower hair density than most of the other animal models, and a moderately large 

working surface.'171 For all these reasons, pigs are probably the best animal model for 

investigating human dermal repair and in vivo skin testing. 

Based on the above reasons, pigs were chosen as the animal model in this project. 

Four juvenile domestic female Yorkshire pigs weighing approximately 15 - 20 kg 

(approximately 2 - 3 month old) were used. The use of juvenile rather than adult pigs has 

two advantages. Firstly, piglets are relatively small in size, making them easy to handle 

and house.1111 One objective of this study is to characterize the change of the mechanical 
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properties of skin with age. The weight of a pig increases rapidly with age and can reach 

about 45 kg five months after birth. As their weight increases, pigs are more difficult to 

handle. So, starting the experiment on juvenile pigs is very helpful for the study. 

Secondly, the wounds in a young animal tend to heal relatively quickly.1111 The wound 

healing process proceeds over a few months, which is sufficient to assess the change of 

the mechanical properties of wounded skin during healing. 

During the experiment, the animals were housed in appropriate facilities with 12-

hour light/dark cycles. They were fed antibiotic-free food and water ad libitum. The 

animals were housed and cared for in accordance with Canadian Council of Animal Care 

guidelines and with the approval of the University of Calgary Animal Care Committee. 

3.1.3.2 Pilot Study 

The pilot study was completed before doing the actual test. The main purpose of the 

pilot study was to: 1) verify the methodology to be used in the study, including validation 

of the stretching apparatus; 2) determine the best locations for in vivo stretch-relaxation 

testing; and 3) determine the testing time on each location. 

Initially, the apparatus was made up of aluminium alloy, and loaded by turning a 

brass knob on the drive shaft by hand. A series of trials on pigs proved that the apparatus 

was conceptually valid for the research. However, two problems were identified: 1) the 

apparatus was too heavy for manual operation in in vivo tests; and 2) loading by hand 

made it not only very difficult to control the loading speed, but affected the ability of the 

researcher to hold the apparatus steady during testing. 

Therefore, based on these limitations, the apparatus was modified. In order to reduce 

the weight of the apparatus, some unnecessary areas were cut off, and perspex replaced 

the aluminium alloy as the frame material. Consistency in the speed of stretching was 

achieved by using a cordless screwdriver to drive the drive shaft. Use of the motorized 

screwdriver not only provided a constant speed, but also reduced disturbance from hand 
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shaking. The improved apparatus was much easier to operate and provided more reliable 

results. 

For ease of evaluation and to have a large working area with a hard base underneath 

the skin, the back of the pig has been used as the testing area. Because the load cell of the 

apparatus is very sensitive, any slight motion is reflected in the relaxation curves and can 

even negate the results of that individual test. Good results require that both the testing 

subject and the person doing the test be in a constantly quiet and stable state. 

In the pilot study, testing was performed on every possible location on the back of 

the pig. Because of the effect of respiration of the pig and the difference of slackness of 

skin at different locations, it was found that very few locations on the back were suitable 

for testing. On the locations where the pig skin is very slack or the undulation of the body 

of the pig caused by respiration is large, smooth relaxation curves were difficult, if not 

impossible, to obtain, no matter how well the apparatus was controlled (see Fig.3.7). 
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Fig. 3.7 An example of relaxation curve with the pig breathing 

After tests on two juvenile female pigs, results showed that the sites near the fore back of 

the pig are ideal testing locations, and gave smooth stretch-relaxation curves. However 

even in these locations, the respiration of the pig still causes some fluctuations of the 
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curves, but the fluctuations are very small and even, and can thus be neglected in 

analyzing the curve. 

It was found in the pilot studies that the constants in the mathematical exponential fit 

to the relaxation curves are affected by the relaxation time. Hence, a suitable relaxation 

time had to be determined. Big differences were found in the constants of the curve fit 

when the force relaxation curve was analyzed from the start of relaxation to different 

relaxation times (eg: The results if the first 50 seconds of the curve were used, were 

different to those if the first 200 seconds of the curve were used). It was found that to 

minimize the effect of time on the curve constants, it is better to have as extended a 

relaxation time as possible. However, practically, the relaxation time cannot be too long. 

There are three reasons: 1) pigs have to be kept in a sleeping state by deep anesthesia in 

order to do the tests. Because the pigs used for the experiment are very young, they 

cannot be kept for a very long testing time under deep anesthesia, in case they die of heart 

failure; 2) the apparatus has to be held by hands steadily during the whole testing. Too 

long a relaxation time results in shaking of the hands, with the consequence of poor 

results; 3) and the relaxation curves obtained from the pilot studies showed that once 

stretching had stopped, the skin relaxed quickly in the first several seconds, tending to 

plateau after almost two to three minutes (see Fig.3.8). These factors indicate that with 

Fig. 3.8 A relaxation curve obtained from the pilot study 
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increasing relaxation time, the results will tend to converge. So, an excessive relaxation 

time is not necessary. Based on these reasons, a time of 240 seconds was set as the 

standard relaxation time for all subsequent testing. 

3.1.3.3 Experimental Protocol 

The pigs were pretreated with drugs and anaesthetized by mask inhalation of 1% -

2% halothane, and laid on the surgery table in a relaxed position as shown in Fig.3.9. The 

room temperature is 20°C and the humidity is approximately 55%. 

Fig.3.9 The animal prepared for the experiment 

The skin on both sides of the spine was shaved with an electrical razor, then 

degreased and cleaned with antibiotic-free soap. One side was used for wounding, and 

the other side was used for the control skin testing. The testing locations were marked on 
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both sides of the spine. For each pig, there were four testing locations, two on each side 

of the spine. The distance between the two testing locations was at least 40 mm, and the 

distance between the testing location and the spine was at least 30 mm. The testing 

locations on two sides were symmetrical about the spine, as shown in Fig.3.10. 

On day 0, before making wounds, testing was performed on the normal skin of both 

sides of the spine. Along the direction of spine, two stainless steel tabs were attached 

wounded g- control 

Fig. 3.10 Arrangement of the testing locations 

symmetrically on each side of the marked location on the pigskin by double-sided 

adhesive tape. The tabs were applied with firm pressure about 60 mm apart for 30 

seconds to make sure of adhesion. The apparatus was then connected to the tabs by fitting 

the two pointers into the divots in the tabs. If the force value shown on the computer 

screen was not zero, the apparatus was adjusted lightly to make the initial force acting on 

the skin equal to 0. The apparatus was then held firmly in one hand, and the skin between 

the tabs was stretched by pushing the switch button on the screwdriver with the other. 

When the displacement reached 6 mm (which is 10% of the initial distance of the two 
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tabs), stretching was stopped by releasing the switch button of the screwdriver, The 

apparatus was held in place steadily for another 240 seconds to obtain the relaxation 

response of the skin. Testing was performed sequentially at the four specified locations. 

The force, displacement, time, and the force versus time curve were shown on the 

computer screen during testing. Fig.3.11 shows in vivo testing. 

Fig. 3.11 In vivo testing on the pigskin 

After the test on normal skin, the excisional skin wounds were performed. Two full-

thickness wounds (Fig.3.12) were created at the marked locations using a 20 mm 

diameter biopsy punch. A saline/epinephrine solution was applied to the wound sites until 

complete haemostasis occurred. Then the wounds were dressed with a tripartite bandage. 

This bandage is composed of an absorbent rayon/polyester core and a non-adhesive high-

density polyethylene (FflDPE) mesh layer spot-welded on either side of the core. [ n ] The 

dressing was supplied sterilized and packaged. The dressings were moistened in a tray of 
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sterile water, drained and applied to the freshly created full-thickness dermal wounds. 

The dressings were kept in place by a sterile water-moistened surgical drape over the 

wounded area. The dressings and the drapes were held in place with Elastoplast and 

covered with a stockingette. The reason for moist healing is that the rate of 

epithelialization in wounds kept moist is faster than in wounds exposed to air, because 

the desiccation of wounds and eschar on the wound surface act as a deterrent to the 

movement of epithelial cells.191 The dressings were changed on days 3, 7 and 14 post-

wounding. Fig.3.12 shows the wounds freshly made on the dorsal skin of a pig. From the 

picture, it can be seen that the wounds started to change shape almost from the moment 

of wounding. The shape of the wounds did not remain circular, but became elliptical. 

This is due to the effect of non-uniform tension in different directions in the skin. 

Fig. 3.12 Wounds made on the pigskin (day 0) 

The wounds were allowed to heal naturally for four weeks. The first measurement of 

the mechanical properties of the healing skin was made 28 days post-wounding. Normal 
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wounds healing under moist non-adherent dressings have almost reached 100% closure 

by day 16 post-wounding. However, the wounds are still weak at this time point. In order 

to make sure that the wounds were not disrupted during stretching, the initial test time 

point was set about two weeks later. Both healing and control sites were tested. To avoid 

possible detrimental effect on the wound from the stretching, testing was repeated every 

two weeks, on days 42, 56, and 70 post-wounding. 

The wounds healed gradually with time. By day 70 (Fig.3.13), the wounds had 

healed very well. The healed wounds appear smooth and similar to normal skin. The 

healed wounds are linear, oriented obliquely from the spine to the abdomen, which 

reflects the arrangement of Langer's lines of the pigskin in these regions.[73] 

Fig. 3.13 Wound on day 70 post-wounding 
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3.2 In Vitro Experimental Method 

The main purposes of the in vitro experiments were to validate the in vivo 

methodology and to determine the tensile strength of scar. The principle behind the in 

vitro stretch-relaxation experiment is the same as that of the in vivo test. The difference is 

that in the in vitro experiments, the specimens are full-thickness skin samples shaped like 

a dumbbell and subject to uniaxial displacement. The stress field in each layer therefore 

will be uniform, rather than the varying "field" distribution of stress in vivo. Basically, 

the sample is mounted in an INSTRON test machine and stretched to a specified 

displacement at a constant speed. The specimen is then kept at the specified displacement 

for a period of time with load being measured: the relaxation is the measure of tissue 

viscoelasticity. 

3.2.1 The Experimental System 

The testing system consists of an INSTRON Model 1122 Universal Test Machine, a 

humidity chamber, and a computer system with the LabTech program for data 

acquisition. 

The INSTRON test machine is a highly reliable, precise system for evaluating the 

mechanical properties of materials. The machine is composed of a loading frame and a 

control console. A highly sensitive electronic load cell (constructed with strain gauges) 

detects load. The gauges are excited by a signal conditioning amplifier, providing a wide 

selection of full scale load ranges. The amplifier controls provide for adjustment and 

calibration of the load cell to give accurate and reliable data. The load cell used in the 

experiments described here was calibrated to full-scale 10 N. The tension load cell and a 

Linear Strain Conversion (LSC) transducer are mounted on the movable crosshead of the 

loading frame to measure tensile forces and displacements. As shown in Fig.3.14, a test 

specimen is physically attached to the load cell by grips. Displacements are imposed by 

moving the crosshead via two vertical lead screws. The direction and sequence of 
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crosshead movement may be manually or automatically controlled. Set crosshead speeds 

can be selected. The test results (forces and displacements) are transferred to the 

computer system through a data acquisition system. 

Fig.3.14 The in vitro experimental system 

3.2.2 Calibration of the INSTRON Tensometer 

Before the in vitro testing, the tensile load cell has to be calibrated. The calibration 

procedure accurately calibrates the load cell against a precise load signal, and sets the 

system calibration for all ranges of the load cell in use. Before calibration, the INSTRON 
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was warmed up for about half an hour by cycling the crosshead up and down. The warm-

up period assures stability of the load cell circuitry. After the warming-up, the load cell 

was zeroed and balanced. A 10 N calibration weight was attached to the load cell by 

hooking it directly in the grip, and the calibration signal was adjusted to produce full-

scale load display. 

3.2.3 Materials and Methods 

3.2.3.1 Pilot Tests 

In vitro pilot tests were performed with a series of skin samples harvested from 

juvenile and adult pigs. The main purpose of the pilot study was to develop a consistent 

and valid in vitro testing method. In the pilot tests, the skin samples were initially 

rectangular strips with a width of 2 mm and a length of 40 mm or 20 mm. These samples 

were harvested with a scalpel. The tests showed that in vitro testing is feasible, but there 

were two problems: 1) Pig skin is thick, greasy and very tough. The thickness of skin 

from young pig is about 5 mm, whereas that from adults is about 15 mm. It is difficult to 

harvest samples with consistent dimensions with a scalpel. Thus, it is hard to make 

comparisons among the results obtained from samples with varying sizes. 2) Because of 

the stress concentration at the clamps, failure in strength tests always occurred at one end 

or other of the samples, thus underestimating the tensile strength. 

In order to overcome the effect of stress concentration, and obtain consistent skin 

samples, dumbbell shapes (Fig.3.15) with a constant width in the middle part and an 

increased area at the both ends were designed for the skin samples. Punches with these 

shapes were manufactured for harvesting samples (Fig.3.16). The punches are made from 

stainless steel and have very sharp leading edges. The smaller punch was for harvesting 

normal skin samples on day 0 (maximum length limited to 20 mm), and the larger punch 

was for harvesting samples (normal skin and scar) on day 70. The potential specimen size 

is unlimited after sacrifice of the animal, so the specimen size was doubled from the day 
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0 specimens. The sizes of the two punches are therefore proportional. From Fig.3.16, it 

can be seen that the skin samples harvested with the punches had consistent dimensions. 

Pilot studies using this shape of skin sample also demonstrated that the problem with 

stress concentration was successfully avoided in tensile strength tests - the samples failed 

in the middle. 
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Fig. 3.15 Schematic drawing of the skin samples (unit: mm) 

3.2.3.2 Samples 

In the actual experiment, 8 full-thickness skin samples were harvested from pigs on 

day 0, and 16 full-thickness skin samples were harvested on day 70. The skin samples on 

day 0 were harvested from the two wounds made in each pig. The skin samples on day 70 

were harvested from the four testing locations of each pig, so 8 are normal skin samples 

and 8 are scar samples. To harvest the skin samples, firstly, a piece of full-thickness skin 

was removed from the testing location, then the piece of skin was put on a smooth wood 

board and the punch placed vertically on the skin. Test samples were obtained by 
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pressing the punch uniformly with an Aber Press. The samples were harvested in the 

direction of the in vivo test, parallel to the spine of the pig. The harvested samples were 

kept in sterile gauze moistened with saline, and stored at 4°C for in vitro tests soon 

afterwards. 

Fig. 3.16 Punches and harvested samples 
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3.2.3.3 In Vitro Experimental Protocol 

The INSTRON was warmed up for about 30 minutes before starting the testing. The 

initial distance between the grips was adjusted to 8 mm for skin samples on day 0 and 

16mm for skin samples on day 70. In order to reduce the difference of testing conditions 

between in vivo and in vitro experiments, the displacement speed, the relative 

displacement and the relaxation time for in vitro experiment were the same as those of in 

vivo experiment. Thus the displacement speed was 2.4 mm/s. The displacement was set to 

be 10% of the initial distance between two grips, which was 0.8 mm for normal skin 

samples on day 0 and 1.6 mm for normal skin and scar samples on day 70 respectively. 

The relaxation time was 240 seconds. The scale factor of INSTRON was set to 1.0 for the 

stretch-relaxation test (full-scale load of 10 N). After the entire experimental system was 

ready for the experiment, the skin sample was removed from the 4°C environment and 

warmed to the room temperature (20°C). The cross-section of the sample was measured 

with a digital caliper. The sample was mounted between the grips, as shown in Fig.3.14. 

Because full thickness pig skin is very greasy, serrated grips were used to prevent slip 

between skin sample and clamps (Fig3.17). The characteristic of these grips is that the 

surface of each clamp unit is grooved with the grooves and ridges of opposing units 

interlocking. When the two clamp units are tightened against each other, the specimen is 

held tightly in the interlocking grooves and ridges. During testing, the sample was kept 

moist in a 100% humidity chamber. The room temperature was 20°C for all in vitro tests. 

The skin sample was stretched at a constant speed of 2.4 mm/s. When the displacement 

reached the set value, the crosshead was stopped automatically, and the sample was kept 

at the specified displacement for 240 seconds to measure the relaxation. 

After the relaxation test, the next step of the in vitro experiment was to measure the 

tensile strength of the skin. The movable grip was returned to its initial position. The 

scale factor of INSTRON was adjusted to 20 for the tensile strength test (full-scale load 
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of 200 N), and the displacement was set to a large value (100 mm). The skin sample was 

then stretched at the same loading speed until failure. 

3.3 Factors Influencing the Measurements 

Many factors may influence the in vivo or in vitro measurement of the mechanical 

properties of skin. Some factors are so important that they can even control the entire 

experiment. 

3.3.1 Factors Influencing In Vivo Measurement 

The factors possibly influencing in vivo measurements are: respiration, test location, 

accuracy of aligning the apparatus with the desired direction of test, posture and inertia. 

Fig. 3.17 Serrated grips for in vitro testing 
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1. Respiration 

Because the in vivo measurement is performed directly on live pigs, the respiration of 

the pigs is a major factor influencing the testing. In addition, the apparatus is operated 

manually, so the respiration of the person also has potential influence on the 

measurement. In order to study the effect of respiration, numerous trials were conducted 

in the pilot work. The results of these tests showed that the contribution of the respiration 

of the tester is very small and can be avoided by adjusting it to be smooth and steady, but 

the respiration of the pig has considerable influence on the measurement. The results 

showed that only a few locations are good for testing. In some locations, such as those 

around the waistline of the pig, the deviation induced by the rise and fall of the body 

caused by respiration is so large that it is almost impossible to test the viscoelasticity of 

the skin with time. Locations exhibiting a minimal effect of respiration were found 

around the fore back of the pig. The undulations caused by respiration in these locations 

were very smooth and steady, so the respiration did not disturb the testing to a significant 

degree. All tests in the actual study were performed in these locations. 

2. Location and direction 

Pilot tests showed that there was considerable difference in skin stiffness with site on 

the back of a pig. Skin near the spine or around the fore part of the back appeared stiffer 

than skin some distance from the spine or in the lower part of the back. In the less stiff 

locations, it was not easy to obtain satisfactory relaxation curves. This is another reason 

to use the fore back area as the testing location. 

Because skin is anistropic, testing results are affected by testing directions. Thus it is 

important to have the same testing direction for all testing locations. 

3. Posture 

The load cell and the linear potentiometer of the apparatus are two very sensitive 

units, even very slight motion can be sensed by them. Thus, the person doing the testing 

must maintain a focused concentration and cannot make any random motion. As soon as 



54 
the apparatus is adjusted to be in the zero load position, it has to be held in this position 

very firmly, or the stretching may make the holder lose balance of the testing. The 

posture of the tester has to be maintained without change until the testing is finished, 

because a change in posture may modify the smoothness of the relaxation curve. 

4. Inertia 

Inertia in the testing makes the movable tab continue to move forward for a small 

distance after stretching has been stopped. The phenomenon is more obvious when the 

displacement speed is high. Because of the effect of inertia, it is difficult to control the 

stretch displacement to be exactly 10% of the initial distance between the two tabs, and 

the peak load may not correspond to the maximum displacement. However, 

measurements did not show significant differences if the deviation of the displacement 

was within about 10% of the displacement between the tabs. Although inertia will cause 

the skin to stretch a little more, the effective displacement was taken as the one 

corresponding to the peak load, because the skin has actually started to relax from this 

point. 

3.3.2 Factors Influencing In Vitro Measurement 

The main factors influencing in vitro measurement are: contraction of the skin, pre-

stretching and slip of the clamps. 

1. Contraction of skin 

Skin is naturally in a state of biaxial tension in vivo. When the skin is removed from 

the pigs, it contracts due to the loss of the in vivo tension. The length of the skin samples 

was measured just before testing. It's found that the contraction was about 10%. The 

initial distance between the two grips was adjusted to the length after contraction, then 

stretched to the specified initial distance. 

2. Pre-stretching 

In the in vitro experiments, the displacement is very small, especially for the normal 
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skin samples of day 0, where the stretch is only 0.8 mm. The force produced by this 

stretch is so small that it is hardly sensed by the load cell of the INSTRON. So before 

testing, the sample was pre-stretched until a force of 0.1 N could be sensed: the 

subsequent test then began from a length more than that of the skin in vivo. 

3. Slip of the clamps 

With the serrated grips, the skin samples could be clamped very well. However, 

because of the greasiness of pig skin, there was some relative slip between the sample 

and the grips when clamping the sample. It was not easy to clamp every specimen at 

exactly the same point. However, the small variations were thought not to have a big 

influence on the results since the deviation was not great. 
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Series of relaxation curves reflecting the viscoelastic properties of normal and 

wounded pig skin have been obtained from in vivo and in vitro tests on the skin of four 

pigs. The results have been verified by comparing data obtained from in vivo tests to data 

obtained in vitro, in some cases, from the same tissue. A mathematical model was 

developed to fit the relaxation curves obtained. The curvefit results have shown a good 

correlation between this mathematical model and the experimental data. Five parameters: 

two time constants and three general constants have been obtained from curvefitting. 

These parameters characterize the viscoelasticity of skin. The similarity of these 

parameters in in vivo and in vitro tests validated the in vivo methodology. By comparing 

the changes in these constants over time between wounded skin and normal skin, it is 

possible to predict how quickly one of the skin's most important properties -

viscoelasticity is restored during healing. Skin wounds are getting stronger with healing. 

The mechanical strength development of wounds is another important parameter to assess 

wound healing. In this study, the breaking strengths and tensile strengths of scar and 

normal skin have been obtained from in vitro tests. Variations in these properties indicate 

the changes in mechanical properties of wounded skin from another aspect. 

4.1 Experimental Results 

4.1.1 In Vivo and In Vitro Relaxation Curves 

During the study period of 70 days, a total of 80 in vivo tests and 24 in vitro tests 

were carried out on the four pigs. A typical result from an in vivo relaxation test is shown 

in Fig.4.1. This relaxation curve was obtained from the pre-wound testing on the 

wounded side of the pig on day 0. The in vitro relaxation curve corresponding to the 
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same testing location on the same day is shown in Fig.4.2. Basically, as soon as the 

stretching was stopped, the tensile force in the skin started to relax. The relaxation was 

very rapid for approximately the first 20 seconds, then gradually slowed down with time 

and tended to reach a plateau prior to 240 seconds. Except for a few failed tests, all of the 

in vivo and in vitro relaxation curves had the same form, and are shown in appendices A 

and B in the CD enclosed. 

Because of the variability among pigs as well as locations, the different testing time 

points and different sample sizes, the peak loads of the relaxation curves obtained from in 

vivo and in vitro tests were found to be somewhat different. With different loads, it was 

difficult to compare the in vivo and in vitro results, or the wounded versus control 

findings. Therefore, in order to compare the results, all relaxation data were normalized 

to the peak load of that test. Fig.4.3 and Fig.4.4 show the normalized curves for the in 

vivo and in vitro tests shown in Fig.4.1 and Fig.4.2 respectively. 

Pre-wound in vivo test on dayO (pig2-locatbn2) 
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Fig.4.1 A pre-wound in vivo testing result on day 0 - Relaxation of tensile 
force in normal, pre-wounded pig skin 
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Fig.4.2 An in vitro testing result on day 0 - Relaxation of tensile force in 
pig skin sample harvested from the wounded location 

Fig4.3 The normalized in vivo relaxation curve (corresponding to the test shown 
in Fig.4.1). The normalized equilibrium force of approximately 0.29 was 
attained after few minutes of relaxation. 
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Fig4.4 The normalized in vitro relaxation curve (corresponding to the test shown 
in Fig.4.2). The normalized equilibrium force of approximately 0.31 was 
attained after few minutes of relaxation. 

4.1.2 Loading Curves 

As stated in the protocol detailed in Chapter three, in the stretch-relaxation tests, 

stretching was stopped when the displacement reached 6 mm. The load-displacement 

curves to a displacement of about 6 mm from day 28 to day 70 are shown as a pair of 

wounded and control locations for each pig in Fig.4.5. 

As may be seen, there is no consistent change in the load-displacement curves. For 

most locations, there is no big difference between load-displacement curves of day 28 

and day 70. A common characteristic of these curves is that the load increased slowly in 

the initial loading phase, with the skin becoming stiffer with increasing displacement. 

This is typical for soft tissues.1131 
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Rg1-location 1 &3 ñg2-tocation 1 & 3 
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Rg3-location 1 & 3 Rg4-location 1 & 3 

Displacement(mm) Displacement(mm) 

a. Load-displacement curves for locations 1 (healing) & 3 (contralateral normal) 
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b. Load-displacement curves for location 2 (healing) & 4 (contralateral normal) 

Fig.4.5 Load-displacement curves from day 28 to day 70 
a. Load-displacement curves for location 1 (healing) 

and 3 (contralateral normal) 
b. Load-displacement curves for location 2 (healing) 

and 4 (contralateral normal) 
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4.2 Justification of the Data 

The in vivo and in vitro uniaxial relaxation tests have produced a series of results 

regarding the viscoelasticity of normal and healing pig skin. However, there is no 

standard in vivo test procedure. Hence, the results obtained are dependent on the 

apparatus and protocol used in the experiment. Therefore, the in vivo methodology used 

in this research needs further verification. The in vivo data were validated through 

comparison to the in vitro data from the same testing location at the same testing time 

point wherever possible (days 0 and 70). A typical pair of in vivo and in vitro relaxation 

curves obtained at the same location on the same day is shown in Fig.4.6a. Their 

normalized results are shown in Fig.4.6b. Comparing the primary data in Fig.4.5a, it 

would appear that a big difference between in vivo and in vitro relaxation curves exists, 

primarily because the peak loads for the in vitro tests were much smaller than those for 

the in vivo tests. The difference in peak load is a consequence of the different size 

specimens. The in vivo test is a result of the field stretch between the tabs, whereas the in 

vitro test results are derived from a small portion of that field, created with the punch. 

The small in vitro specimen gives a smaller peak load when compared to the in vivo test 

result, and the direct comparison of the two curves is therefore impossible. However, 

after normalization as shown in Fig.4.6b, the two curves are very similar, showing the 

time dependent properties measured in vivo are the same as those in vitro. This 

phenomenon was seen for all in vivo and in vitro tests on day 0 and day 70 at each 

wounded location, which indicates that the developed in vivo stretching apparatus and the 

in vivo experimental protocol give valid and reliable data. 
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In vivo test vs in vitro test on day70 (pigi-location 1) 
Primary data 

in vivo 

in vitro 

0 50 100 150 200 250 300 

Time(Sec) 

a. Primary data curves 

In vivo test vs in vitro test on day70 (pig1-location1) 
Normalized data 

in vivo 

in vitro 

0 50 100 150 200 250 300 

Time(Sec) 

b. Normalized data curves 

Fig.4.6 A typical pair of in vivo and in vitro relaxation curves 
a. Primary data curves b. Normalized data curves 
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4.3 Analysis and Results 

4.3.1 Mathematical Model 

A mathematical model was developed for analysis of the data. This mathematical 

model, as shown below, is a combination of exponential functions: 

F(t) = aie* + ase84* + a5 

Where F(t ) = Tensile force in the stretched skin at time t 
(unit: Newton) 

t = time (unit: Second) 

3.1 S3 = constants, indicating the initial and residual 
loads 

&2 &4 = time constants 

There are five constants in this function. These constants have special significance, and 

can be used to characterize the viscoelastic behaviour of skin. Constants ai, a3, and as are 

determined by the peak load of the relaxation curve. The sum of these three constants is 

the peak load value. After normalization of all data, the peak value for all relaxation 

curves is equal to 1. This makes possible comparison of these parameters between 

groups. The sum of ai and a3 is the total amount of relaxation, as is the final unrelaxed 

load. &2 and &4 are time constants which control the rate of relaxation. The relaxation 

proceeds more quickly with increasing values for these time constants. These two 

constants are independent of the peak load value. 

Because there were five parameters to be determined in this mathematical model, this 

complicated the solution to the curvefitting problem. The calculations were performed 
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with MathCAD 8.0. MathCAD is a powerful software for technical calculations. It 

provides hundreds of operators and built-in functions for solving technical problems from 

the simple to the very complex. MathCAD can be used to perform numeric calculations, 

or to find more general and precise symbolic solutions.1741 The general method to solve 

the five constants in the mathematical model is by nonlinear regression. MathCAD also 

includes a number of functions for performing regression. Typically, these functions 

generate a curve or a surface of a specified type which in some sense minimizes the error 

between the curve or surface and the data supplied.1741 According to the mathematical 

model applied, the corresponding regression in MathCAD is generalized regression: 

genfit (vx, vy, vg, F). In this regression, a vector containing the parameters makes a 

function f of x and n parameters uo, Ui, ... ,u n which approximate best the data in vx and 

vy. F is a function that returns an n + 1 element vector containing f and its partial 

derivatives with respect to its n parameters, vg is an n-element vector of guess values for 

the n parameters.'741 In our specific case, vx is a vector containing the time points of data 

collection (in the experiment, the data were collected twice a second). There are n = 5 

parameters: ai, a2, aj, &4, and as. The function f of time t and the five parameters is f(t) = 

aie*21 + a3ea4t + as. vy is a vector of the tensile force at each time point during relaxation. 

F (t, a) = {aiea 2 t + a3e a 4 t + a5, ea2t, aite321, ea4t, a3tea4t, 1}. Basically, when each item in 

genfit (vx, vy, vg, F) was set up, the unknown parameters were solved by iteration 

automatically within MathCAD. A set of good guess values vg is critical for a 

satisfactory regression. The guess values were set based on their significance and 

adjusted according to the regression result. If the error between the regression and the 

data is large, the guess values were adjusted in order to reduce the difference to the 

minimum. Thus, the relaxation curves were tested for fitting against a series of sets of 

guess values until satisfactory curvefits were obtained. A typical result of the fitting 

procedure can be seen in Fig.4.7. The blue curve is the experimental result while the 

model is represented by the red curve. For different relaxation curves, there is some 



66 

variation in the error of curvefit. However, in all cases, the agreement between the model 

and measured data is very close. 

pig 1 -locationl (dayO) 

1.2 i 

1 4 

Normalized data 

curvefit 

0.2 

0 

0 50 100 150 200 250 300 

Time(sec) 

Fig.4.7 A typical representative of curve fitting 

When the five parameters for each relaxation curve had been determined, their 

average values for the four pigs at each testing location were calculated. The restoration 

of the viscoelasticity of wounded skin can be assessed by the ratios of the parameters 

between healing and control skin at each time point. The change of each average constant 

with time and the change of each average constant ratio with time are shown in section 

4.3.2. 

4.3.2 Results 

1. Constants 

The change of each parameter with time is shown as locations in Figures 4.8 - 4.12. 

In these figures, each point with a bar represents a mean value of a constant ± SD. 

Locations 1 and 2 are the healing locations. Locations 3 and 4 are the contralateral 

control or normal locations. 



67 

(1) The change of constant ai with time for the four testing locations is shown in Fig.4.8. 
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Fig.4.8 Change of constant ai with time by location 
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(2) The change of constant & with time for the four testing locations is shown in Fig.4.9 
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Fig.4.9 Change of constant a2 with time by location 
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(3) The change of constant a 3 with time for the four testing locations is shown in Fig.4.10 
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Fig.4.10 Change of constant a3 with time by location 
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(4) The change of constant a» with time for the four testing locations is shown in Fig.4.11 
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Fig.4.11 Change of constant Za with time by location 
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(5) The change of constant as with time for the four testing locations is shown in Fig.4.12 
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Fig.4.12 Change of constant as with time by location 
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2. Ratios 

The ratios of healing over control for the five parameters were calculated at each 

testing point, and are shown in Fig.4.13 - 4.17. These ratios indicate the extent of 

restoration of viscoelasticity for skin wounds during healing. In these figures, each point 

with a bar represents a mean value of a constant ratio ± SD. There are two sets of 

constant ratios in each figure, each represents the change of ratio vs time for a pair of 

wounded and control locations. 
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Surprisingly, from Figures 4.8 - 4.12, it can be seen that the changes in the five 

constants with time during the testing period of 70 days are small for both control and 

wounded skin. Generally, the ratios of constants, as shown in Figures 4.13 - 4.17 

fluctuate around a value of 1.0. Analysis of variance1751 was carried out on the constants, 

as well as the ratios of the constants, to assess their changes with time. The analysis 

demonstrated that there was no statistically significant differences among the constants, 

or the ratios with time. Thus, the viscoelastic properties of healing pig skin were restored 

in young Yorkshire pigs within 28 days of wounding, or the method was unable to detect 

differences because they were too small. The analysis of variance demonstrated that the 

animal number (one to four) was not a significant factor. Linear regression models with 

time showed: 

ai = 0.347 + 0.00033(f) 

a2 = -0.275 + 0.00029(t) 

a3 = 0.231 +0.00033(t) 

04 = -0.014 -0.00003(0 

a5 = 0.362 - 0.0007(t) 

Where t = time in days. 

The slopes of all these linear regressions show no dependence on time. This may be 

interpreted as a restoration of viscoelastic properties to "normal" within 28 days of injury 

in this model, or that the effect of the wound is lost in the variability of the results. The 

wound starts as 50% of the test region, but becomes a smaller proportion of the test zone 

with time. Thus it is possible that variations in viscoelasticity caused by the scar are 

swamped by the presence of larger amounts of normal skin. 

3. Tensile strength 
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The strength of the wound is an important measurement since it reflects the 

subdermal organization of the collagen fibres in the newly deposited collagen.150' The 

mechanical strength development of healing wounds depends on the formation of 

collagen fibrils bridging the wound site. A considerable deposition, degradation, and 

remodeling of these fibrils takes place, influencing the mechanical strength of the healing 

wounds. As the collagen matures, both the tensile strength - force per unit of cross-

sectional area and the breaking strength - the maximum force tolerated by the wound 

prior to rupture increase as the reorganization of collagen increases the strength of the 

wounds.[76] 

Tensile strength and breaking strength were measured in in vitro tests on day 0 for 

normal skin and day 70 for both normal skin and scar. Scar tissue was structurally stiffer 

than the normal skin, perhaps because of greater skin thickness, but there was no big 

difference between the failure modes of normal skin and scar tissue. Both tissue types 

would fail in the middle of the specimen, scar being weaker than normal skin. Typical 

load-displacement curves are shown in Fig.4.18. 

Normal 

Healing 

0 2 4 6 8 10 12 

Displacement(mm) 

Fig.4.18 Typical load-displacement curves for normal and healing 
skin samples tested in vitro 
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Table 4.1 

\ . Strength 
\(area) 

Time 

Breaking force (N) 
(area (mm2)) 

Tensile strength (N/mm2) \ . Strength 
\(area) 

Time Normal skin Scar Normal skin Scar 

DayO 
49.4±17.1 
(4.9+0.3) - 6.711.9 -

Day 70 
146.4±26.5 
(7.010.3) 

77.4+27.6 
(6.710.4) 

7.011.1 3.911.5 

The results of the strength testing are shown in Table 4.1 and Fig.4.19. It is clear that 

the tensile strength of normal skin did not exhibit a large change over the wound healing 
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period, but the scar tissue gained only about 60% of normal strength during that healing 

interval. The histological study of normal skin and scar tissue samples will be helpful to 

understand the mechanism of tensile strength development in healing skin wounds. In 

addition, testing of scars after longer healing periods would be required to determine 

whether further gains in strength toward normal values occur. Thus, one may conclude 

that viscoelastic properties may be restored faster than tensile strength in these healing 

tissues. 
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CHAPTER FIVE: Discussion of Validity of Method 

As reviewed in section 2 of Chapter 2, a few techniques for testing skin in vivo have 

been developed. However, there is no standard procedure to determine the mechanical 

properties of skin in vivo. In vivo testing results are dependent on the specific instrument 

and protocol used by different researchers. Therefore, for an in vivo test, it is essential to 

validate the methodology before any significant conclusions can be drawn from the 

testing results. 

5.1 Validation of In Vivo Method 

The in vivo method used in the present research protocol was a uniaxial tensile 

stretch method. There are various extensometers available for this type of test. Different 

researchers have used different extension rates and ceased stretching the skin at different 

maximum loads or displacements. The uniaxial strain apparatus developed specifically 

for this research is a portable instrument. The feasibility and stability of this testing 

machine was verified in the pilot studies. The experimental protocol for the actual 

experiment was designed according to the features of the apparatus. The validity of the 

method was verified by comparing the results of in vivo and in vitro tests at the same 

location and same time point. The comparison of results, as shown representatively in 

Fig.4.6 indicates the similarities between in vivo and in vitro tests. Furthermore, by 

comparing the results of the analysis - the five parameters used to characterize the 

relaxation of skin shown in Figs.4.8 - 4.12, the constants were found to be the same in 

vivo and in vitro. A Student's t-test was performed to confirm the pilot studies. The t-test 

results indicated that the difference between in vivo and in vitro is only pronounced for 

time constants a2 and m on day 0. The in vivo time constants are larger than the in vitro 
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time constants. Such findings may be explained as follows: 

In the in vivo uniaxial tests, the deformation of skin was restrained by the other two 

unstretched directions, therefore, the skin was not stretched uniformly. In vitro, the skin 

sample to be tested was isolated from the animal. Thus, in this situation, there were no 

restraints from the other two dimensions. The skin strip was strained equally over all its 

thickness, and exhibited larger changes in the transverse dimensions during the relaxation 

tests. Thus, the relaxation of the tissue in vivo was faster than in vitro. In addition, the 

pre-stretch of skin samples in the in vitro tests also contributed some effects on the 

relaxation rate of the samples. The samples started relaxation as soon as mounted on the 

instrument, and this reduced the in vitro relaxation curves. However, the close similarities 

of the time constants in vivo and in vitro on day 70 suggest a decreased effect of these 

factors with aging of the animal. The close similarities of the other three constants 

between in vivo and in vitro indicate that the general relaxation trend is the same for in 

vivo and in vitro. The common similarities between the in vivo and in vitro results 

demonstrated the validity of the in vivo method used in this study. 

5.2 Discussion 

The methodology used in this research provides a useful way to study the 

biomechanical properties of skin in vivo. Because of its non-invasiveness, this method 

may have potential use clinically, such as monitoring scar maturation, particularly if a 

more sophisticated and improved version of the instrument and protocol can be 

developed and validated. 

The apparatus developed for this study is simple, reliable and flexible. It is a good 

instrument for determining the relaxation of skin. However, there are some drawbacks 

that limit the convenience of its use. The most obvious one is that it is manual. The 

apparatus has to be operated by hand throughout the testing process. Because of the high 

sensitivity of the device, the user has to hold the apparatus very steadily. This increases 
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the difficulty of testing. It is not only inconvenient for the user, but limits the testing time. 

Thus, the results obtained are dependent to a great extent on the control of the testing 

executed by the user. 

Another inconvenience of this apparatus is control of the stretching. The motor used 

for stretching the skin is separated from the body of the apparatus, has only two rotation 

speeds and thus can not control loading automatically either by displacement or by load. 

There is no feedback system to stop the stretching when the displacement or load reaches 

a set value. Loading is currently controlled by the experience of the user, and thus, 

requires considerable practice prior to experimental testing. Because the loading speed of 

the motor is low, a small displacement, for example a displacement of 6 mm in our tests, 

may take several seconds. Even with practice, it is often very difficult to control the 

displacement exactly. This likely leads to slightly different displacements for different 

tests, and thus variations in the peak loads of the relaxation curves. In addition, there are 

some other problems associated with such a scientific in vivo study, directly related to 

dealing with variability and reproducibility. A few of these are: 

1. exact alignment of the tabs with the direction of stretch; 

2. reproducibility of the tab positions for each test. When the skin is stretched, it needs 

to recover for some time before a reproducible result can be obtained. The time needed 

for recovery increases with increasing load or duration of stretch. This factor has to be 

considered for repeated measurements, and if a failure test is to be performed 

subsequently. In our experiment, when a test failed (because for example, the user moved 

the device), 20-30 minutes of rest were allowed before re-testing at the same location. In 

the literature, some researchers have emphasized the need for 'preconditioning' in order 

to obtain reproducible results starting from different initial mechanical conditions.114,241 

However, the 'preconditioning' usually means carrying out a test procedure several times 

until the results converge. This removes the initial inherent viscoelastic behaviour. 

Additionally, in the case here, repeated loading - unloading cycles may cause some 
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damage to the wounds when they are still weak or immature, thus compromising the 

validity of subsequent testing. 

3. creep properties of the adhesive tape. The extension force from the extensometer 

was applied through the adhesive tape onto the skin or scar tissue. The creep of the 

adhesive material on the adhesive tape, though minimized by using a tape of high quality, 

could not be totally eliminated. This creep will influence the adhesion between the skin 

and the tabs, and therefore has some effect on the sensitivity of detecting the extensibility 

of the skin and the transmission of force to the skin via the tabs when the skin is 

stretched. In addition, the testing surface of the animal is not completely flat. The slight 

curve of the skin surface also causes some effect on the adhesion of the tabs to the skin. 

4. variability of skin properties with direction and time. Skin is an inhomogeneous and 

anisotropic material. Its mechanical properties vary with direction, site and age. 

Therefore, before any deformation is applied by an extensometer, the skin is in a 

prestressed state. The pre-stress of skin in its natural state is different in different 

directions with the maximum along the tensile lines (or Langer's lines) and the minimum 

perpendicular to these lines. [77 ,78] It is not possible for the extensometer to capture this 

information unless special techniques are performed beforehand to estimate the 

underlying stress field.[29] The uniaxial tensile test is an effective method to study the 

directional effect on skin.[2] While much information regarding the mechanical properties 

of skin can be gathered by performing uniaxial tests,'191 the strain is not uniform under 

such conditions, and the results depend on the test direction. In vivo, skin is subject to 

biaxial tension, in a one-dimensional test, the strain component perpendicular to the 

loading direction is not controlled.1241 Thus dealing with structures, such as skin, in which 

the fibres are arranged multidirectionally, the orientation of the fibres with respect to the 

load axis should be taken into account.'801 This suggests that a multiaxial test, such as a 

biaxial test, could provide additional information. 
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5. effect of normal skin involved in the stretch. In the in vivo test, the initial clear 

distance between the two tabs was about 40 mm, and the wound was 20 mm in diameter. 

Thus, the normal skin accounted for about 50% of the intervening skin, and might have 

effect on the testing results. An in vitro test on scar tissue at day 28 should indicate if the 

effect of normal skin involved in the stretch dominates the measurement and hides the 

difference between the viscoelastic behaviour of normal skin and scar tissue. 

5.3 Improvement or Redesign of the Apparatus 

The uniaxial strain apparatus developed in this project is a handy instrument for 

studying the relaxation of skin, but for more complicated studies or to obtain more 

accurate results, such as applications in the clinic, some improvements or redesign of the 

apparatus will be necessary. Based on the discussion above, the improvement or redesign 

can be associated with the following aspects: 

1. replace the original motor with one which has a feedback system to stop the 

stretching automatically, and has the flexibility of adjusting the stretching rate precisely 

over a wide range. The motor can be improved in a way that can drive the apparatus at a 

selected rate for a given distance or until a maximum stress is reached. Thus, the pointers 

of the apparatus can be set at a given distance and monitor stress over time to measure 

stress relaxation or extended to a given stress and maintain that stress for a given time to 

measure creep. 

2. incorporate a digital or high-definition camera to photograph the deformation of the 

skin at various stages of the experiments. Although there are many ways to measure the 

mechanical properties of skin, the ultimate result of a wound closure is deformation of 

the surrounding skin.1171 This deformation field can be measured non-invasively by 

photographing the skin under stretch at various intervals of time. Markers can be applied 

to the surface of the skin to follow the strain field. It can be imagined that the skin itself is 

acting as a series of small strain gauges, which if appropriately analyzed will provide 
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information on how much tension exists in any given area of the skin. Another advantage 

of analyzing the deformation is that the technique can be applied non-invasively to 

patients.[17] 

3. develop the apparatus into a biaxial testing system. Currently the testing method is 

uniaxial. Although the in vivo and in vitro uniaxial tests can yield valuable information 

on the mechanical properties of the skin, it is not possible for them to yield complete 

three-dimensional information about the mechanical properties of skin. Therefore they 

can give some useful indications in the biomechanics of the skin, but are insufficient for 

any detailed exploration in surgery and physiology. Thus, the effects of the surrounding 

tissues are unknown in the in vivo tests using a uniaxial system. The uniaxial tests have 

some limitations in scope. Attempts to compare the results of different tests have not also 

met with great success mainly because it is difficult to extrapolate from several partial 

tests to gain a more complete picture. A comprehensive three-dimensional model of the 

skin can be constructed only on the basis of three-dimensional tests. Skin is three-

dimensional, but may be considered as an incompressible material. For such materials, 

any changes in thickness can be calculated from changes in the other two dimensions.114,811 

Since the preferred orientation of the load-transmitting collagen fibres is parallel to the 

skin surface, it can be assumed that the elastic moduli including the third dimension (skin 

thickness) are small compared to the in-plane elastic parameters. Therefore, the 

modulation of in-plane stresses by changes of skin thickness which are induced by 

changes in the other dimensions can be neglected as effects of higher order of 

approximation.1241 Thus a complete three-dimensional model may be derived from a 

complete two-dimensional test, and the 'true' relaxation behaviour implies a two-

dimensional testing procedure.114,241 However such an in vivo test has not been reported so 

far because of obvious difficulties in controlling load and stretching on several 

boundaries at the same time in in vivo testing conditions. This will be a goal to be 

achieved in the future. 
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4. design a stand to support the apparatus instead of using hands. The stand has to be 

designed to hold the body of the apparatus steadily and keep it in contact with the skin of 

the testing subject all the time during the test without failure. Because of testing in vivo, it 

is unavoidable that the testing subject will have some slight movements caused by 

respiration etc. Therefore, in addition to the motion with the mechanical apparatus, the 

stand must have the mechanical flexibility that can sense the possible slight movements 

of the subject and move with it naturally without destroying the stability of the 

instrument. However, such a stand will be extremely difficult to implement because of 

the reasons described above. 
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Wound repair is an extremely important function of skin.1251 Healing is a complex 

process involving a variety of sequential biological mechanisms and activities that are 

essential to restore the structural and functional integrity of the damaged tissue.[79] The 

goal of this research was to investigate the mechanical properties of wounds during the 

healing process, which was mainly focused on the restoration of the viscolasticity of the 

scar tissue. The change of viscoelasticity of scar tissue during healing was achieved by 

measuring the relaxation properties of skin, which are reflected in five relaxation 

constants. A good correlation of these constants between in vivo and in vitro validated the 

use of the in vivo uniaxial testing method. Comparing the relaxation constants of normal 

skin and scar at each testing time point and their changes with time during the testing 

period, it is found that there was insignificant difference between normal and healing 

skin. This demonstrated that the relaxation properties of wounded pig skin were restored 

almost to normal levels within 28 days of injury. This conclusion can be verified by an in 

vitro test on scar tissue at day 28 post-wounding in the future. However, the rate of gain 

of tensile strength in full-thickness circular skin wounds was slow, about 60 percent of 

the original strength being regained at 70 days post-wounding. 

Skin is a complex matrix, whose functions depend on the mutual interdependence of 

its constituent parts. Differences in physical properties owing to body region, age and sex 

give rise to variation in biomechanical characteristics of the tissue.[5] This extraordinary 

complexity explains partly why there are still relatively few data relating the skin's 

viscoelastic properties. The experimental apparatus, the immature pig model developed 

for this study, and the developed mathematical model are useful tools to increase the 

knowledge of the in-plane mechanical behaviour of skin in vivo. However, it should not 
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be presupposed that the results obtained by the uniaxial stretch-relaxation test will 

completely characterize the material. Two-dimensional multiaxial testing would reflect 

the in vivo situation better than the uniaxial testing mode. It is suggested that a biaxial 

apparatus be developed for use in future studies. As for the animal model, there are 

limitations, and results obtained here cannot be applied directly to human patients. The 

most obvious difference between the immature pig and the human is the difference in the 

anatomy of the skin tension lines. Pig skin is also slightly thicker, has more hair follicles, 

and in all but the very youngest pig has more subcutaneous fat than the human.[17] Further 

sophisticated testing on pigs and on humans, including biaxial testing, would be helpful 

to determine exactly how similar human and pig skin are mechanically. These data would 

also be helpful to transform a model based on the pig to one useful for assessing clinical 

problems. In addition, the great difficulty encountered when attempting to capitalize on 

the knowledge provided by numerous experiments is likely a result of multiple testing 

techniques and the lack of standardization which precludes the comparison of results 

obtained using different methods.1181 Because of the great importance of the mechanical 

properties of skin to ensure its physiological functions, a number of studies focused on 

this subject will also be required in the future. 
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