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Skin is a multilayered composite material and composed principally of the proteins collagen,
elastic fibers and fibroblasts. The direction-dependent material properties of skin tissue is
important for physiological functions like skin expansion. The current study has developed
methods to characterize the directional biomechanical properties of porcine skin tissues as
studies have shown that pigs represent a useful animal model due to similarities between
porcine and human skin. It is observed that skin tissue has a nonlinear anisotropy bio-
mechanical behavior, where the parameters of material modulus is 378! 160 kPa in the pre-
ferred-fiber direction and 65.96! 40.49 kPa in the cross-fiber direction when stretching above
30% strain equibiaxially. The result from the study provides methods of characterizing biaxial
mechanical properties of skin tissue, as the collagen fiber direction appears to be one of the
primary determinants of tissue anisotropy.
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1. Introduction

Skins are complex in their structure and composition, and the properties of the
skin vary from species to species.1–4 It is comprised of several different types of
proteins (e.g., collagens, elastin and proteoglycans) aligned in different directions
and have molecular chains that have a directional orientation.5,6 A previous study
reported various mechanical properties before and after skin stretching, though
failed to identify preferred-fiber and cross-fiber directions before mechanical
characterizations.7
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Mechanical testing under uniaxial tensile loading allows lateral contraction of the
specimen during extension, which can further facilitate axial elongation.7 Biaxial
testing does not permit this process (or, more specifically, does so to a program-
mable degree), and hence skin loaded biaxially will facilitate accurate delineation of
mechanical properties. Fibers composed of types I, III and V collagens are found in
the tissue8 and studies have shown that the spaces between collagen bundles change,
reflecting a variation in collagen fiber directions.9,10 Moreover, shearing tests on
skin tissues were conducted to address its importance complementary to existing
uniaxial and biaxial studies.11

In regenerative medicine, a significant effort is focused on increasing the area and
volume of skin tissue using mechanical strain methods. The main intent is to
plastically deform this biological material so that its surface area increases and over
time regain its full thickness due to cell proliferation in a bioreactor. The driving
force is the high fatality of severely burnt patients with a large area of thermally or
chemically burnt skin tissue.7,12,13 To treat patients with severe burns, small skin
grafts can be harvested from healthy places on the body, quickly expanded to much
larger areas in-vitro, compared to the original area and then be transplanted back to
a burnt area of the body. Thus, skin expansion has become a valuable method in
plastic and reconstructive surgery.14,15 However, current prototype skin expansion
bioreactors have been reported to cause tissue tearing due to uneven loading,
gripping methods, stress concentration and other factors intrinsic to the tissue
properties.5 Tissue tearing is the key obstacle faced by in-vitro bioreactors, hin-
dering many potential medical applications, such as reconstructing birth defects,
burn injuries or breast tissue after mastectomy. Therefore, the current study aims to
provide a method to better obtain fundamental quantitative data delineating di-
rection-dependent mechanical properties of porcine skin tissue. It is expected that
the identification of directional mechanical properties will optimize functional sur-
face area enlargement of skin tissue, and hence better serve burnt patients in health-
care communities.

2. Materials and Method

2.1. Sample preparation

In the current study, effects of variability due to the sample thickness, age and
species have been minimized via a well-controlled specimen source. Briefly, porcine
skins from the belly area of six 6-month-old pigs were obtained from the Swine
Education Unit at North Carolina State University immediately after euthanization
for reasons unrelated to the current project, and tissues were prepared with a der-
matome. The samples from our Swine Education Unit are selected in terms of the age
and weight of pigs within the same species. Tissue samples were returned to the
laboratory within 60min after being euthanized. Subcutaneous fat tissue was re-
moved and samples were then stretched out and held taut while being cut (Fig. 1(a)).
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Six tissue samples (" 7mm# 7mm) from two different skins were prepared for each
testing angle (Fig. 1(b)). A micrometer was used to measure the thickness of the
samples (ca. 1.08mm) and the samples were stored in Hank’s Balance Salt Solution
(HBSS) for 2 h for the relaxation.

2.2. Mechanical characterization of skin tissue

Though biaxial testing of skin has been studied by Lanir and Fung,16–18 the current
work focuses on establishing a method to characterize direction-dependent me-
chanical properties. A biaxial tissue tester (BioTester 5000, CellScale, Waterloo,
Canada), equipped with two load cells (500mN! 1mN) and actuators for each axis
of loading, was used for measuring the force and displacement of the skin tissues19

(Fig. 2(a)). The measured values were used to further obtain stress-strain curves
and to calculate the parameters of material’s modulus.20–22 Synchronized time lapse
video for real-time monitoring and post-process analysis was provided by the
charged-couple device (CCD) camera, which acquires images with a pixel resolution
of 1280# 960 at an acquisition rate of 15Hz, with a lens focal length of 75mm.

Fig. 2. The Biotester is capable of applying physiological plausible biaxial loading and stretching states
to tissue samples. (a) The biotester is equipped with two load cells and two actuators for each axis. (b)
The mounting stage enables samples being pierced through by the tungsten biorakes. (c) The biorakes
provide evenly distributed loading/stretching states and this unique feature assures the control of loading
conditions. Scale bar¼ 1mm.

(a) (b)

Fig. 1. A representative sample preparation. (a) Tissue samples were returned to the laboratory within
60min after being euthanized. Subcutaneous fat tissue was removed and samples were then stretched out
and held taut while being cut. (b) Six tissue samples (" 7mm# 7mm) from two different skins were
prepared for each testing angle. Scale bar¼ 1 cm.

Directional Biomechanical Properties of Porcine Skin Tissue

1450069-3



A temperature controlled saline bath with data logging capability provided a
physiological environment for testing soft tissue specimens.

Specimen mounting is considered as one of the major challenges of biaxial test-
ing.19 For example, artifacts such as suturing procedures usually cause discrepancy
in results due to inconsistent boundary conditions.19,23 In contrast, biorakes provide
fast and accurate sample mounting: each biorake consists of five tungsten tines used
to anchor one edge of the specimen19–22,24 (Fig. 2(b)). Four rakes provide uniform
attachment across the edges of the samples and evenly distribute the load spanning
4mm in length on each side of the sample (Fig. 2(c)). This unique feature not only
assures the control of boundary conditions, but also significantly reduces the vari-
ability between sample sizes. In other words, if the sample size prepared is larger
than 16mm2, the active loading area remains 4mm# 4mm. After the sample was
mounted, the sample was lowered into the HBSS bath, which was heated to 37%C to
simulate an in-vivo physiological environment.

Prior to testing, a preload (average¼ 0.005N) was applied to flatten the initially
slack tissues and the flatten sample is chosen as our reference configuration. The
tissue samples were tested up to 35% strain in both axes with a 15 s stretch cycle
and a 15 s recovery cycle (i.e., strain-rate¼ 2.33%), with no hold time (Fig. 3(a)).

Fig. 3. (a) The tissue samples are tested up to 35% strain in both axes with a 15 s stretch cycle and a 15 s
recovery cycle, with no hold time. (b) An integrated analysis module for Biotester outputs measured force
data in both directions. (c) The module also generates force versus displacement relationships for both
directions in real time during the equibiaxial testing.21
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After the sample was mounted, one test was executed to pre-stretch the tissue to
release the residual stresses inside tissue samples, i.e., pre-conditioning. The result
of the pre-conditioning was not included in the material property measurements.
Each sample was then tested five times to obtain the stress–strain curves of the
tissue as accurate as possible, and it is defined as one set of tests spanning about
7min to finish one set of testing. The image tracking and analysis software (Lab-
Joy, CellScale, Waterloo, Canada), an integrated analysis module for Biotester,
was used to output corresponding force data and to generate force versus dis-
placement relationships for both directions in real time during the equibiaxial
testing21 (Figs. 3(b) and 3(c)).

2.3. Collagen fiber directions identification

When tissue samples are prepared, it is difficult to visualize preferred and cross-
preferred collagen fiber directions as sometimes the Langer lines25–28 are not clear
in the samples. For an isotropic material, the moduli measured in any direction
will be the same, and the differences between moduli (measured from different
direction) will be minimum, i.e., zero. It leads to the hypothesis of the current
study that the minimized coupling effects between preferred and cross-fiber
directions are generally observed when their mechanical properties exhibit most
differences between them, i.e., anisotropy. Therefore, to identify preferred and
cross-fiber directions, the samples are rotated counterclockwise at approximately
25%–30% after each set of tests. Due to the symmetry, three testing angles are used:
0%, 30% and 60%. In Fig. 4, 0% samples \a" were prepared as described previously
and as shown in Fig. 2(c), in which sample edges were aligned with stretching
directions, e1 and e2 directions, respectively. Samples \b" were the ones after 30%

rotation from the sample edges and samples \c" were the ones with a total of 60%

rotation from the sample edges (Fig. 4). The goal is to develop a method that
could be used to identify the preferred- and cross-fiber directions of the tissue and
to determine the intrinsic direction-dependent mechanical property of skin
samples (Fig. 4).

Fig. 4. (Color online) The samples are rotated counterclockwise at approximately 30% after each test to
determine the direction-dependent mechanical property of skin samples. e1 and e2 directions are defined
as stretching directions. Preferred-collagen fibers orientation is represented in color red, as shown in (d).
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2.4. Statistical analysis

Data is presented as the mean! standard deviation. The number of experimental
samples is represented as n. Student’s t tests are used to test differences in popu-
lation means. Differences with p < 0:05 are considered significant.

3. Results and Discussion

An integrated analysis module (Lab joy, CellScale) for Biotester directly outputs
measured force and displacement data in both directions. The force data is directly
output from the load cells. Stresses are calculated based on the force divided by the
size of the sample# the recorded thickness of the sample. The displacements are
obtained from the relative positions of the rigid biorakes (from the actuators), and it
is different from what have been presented in Fung’s and others’ work,16–18,29,30

where few dots on the samples or a rectangular grid consisting of few points were
generally used to calculate the displacements or strains during the biaxial testing.
After averaging over measured stress versus strain for tissue samples (n ¼ 6) for
each testing angle under equibiaxial testing, the results are shown in Fig. 5. The plot
shows the correlation between the strain and the resulting stress in the preferred-
fiber and cross-fiber directions for skin tissue samples. In Fig. 5, clear nonlinear and
anisotropy material behaviors (solid versus dashed lines) of the skin tissue are

Fig. 5. Stress–strain curves for skin samples at different rotation angles (n ¼ 6 for each testing angle). A
nonlinear mechanical property is observed. Three zones are observed: zone 1 (0%–25% strain), zone 2
(25%–30% strain) and zone 3 (30%–35% strain). Inset: Stress–strain curves in zone 3.
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observed in all samples at different testing angles. In addition, three zones are
observed: zone 1 is between 0% and 25% strain stretching, zone 2 is between 25%
and 30% strain stretching and zone 3 is between 30% and 35% strain stretching.
Under the equal-biaxial stretching, it is observed that high standard deviations exist
due to the higher mean stress values measured in the high strain (e.g., 30%) regime.

The moduli of the preferred-fiber direction and the cross-fiber direction in zone 3
(30%–35% strain) for samples at 30% testing angle (sample \b") are 378.01 kPa
and 65.96 kPa, respectively, and the difference between them is 378.01 kPa&
65.96 kPa¼ 312.02 kPa (Table 1). The moduli of the preferred-fiber direction and
the cross-fiber direction in zone 3 (30%–35% strain) for samples at 60% testing angle
(sample \c") are 592.47 kPa and 289.45 kPa, respectively, and the difference be-
tween them is 592.47 kPa& 289.45 kPa¼ 303.02 kPa (Fig. 5). It is observed that
samples at 30% testing angles exhibit most differences in mechanical properties
between preferred and cross-fiber directions, i.e., samples \b" exhibit slightly larger
anisotropy than samples \c" (Fig. 5). It is due to the fact that most of the collagen
fibers are straightened and aligned along the e1 stretching direction at this testing
angle (Fig. 6(b)). Therefore, a more compliant material property is measured in the
cross-stretching direction, e2 (Fig. 5). In contrast, collagen fibers in samples at other
testing angles are not perfectly aligned along and perpendicular to both stretching

Fig. 6. Collagen fibers are randomly distributed in a relaxed tissue sample. From the stress–strain
curves in Fig. 5, it is observed that samples at 30% testing angles have the most differences in mechanical
properties between preferred and cross-fiber directions. It is implied that most of the collagen fibers are
straightened and aligned along the e1 stretching direction at this testing angle, as shown in (b). In
contrast, collagen fibers in samples at other testing angles are not perfectly aligned along and perpen-
dicular to both stretching directions e1 and e2, as shown in (a) and (c). Therefore, anisotropic behaviors of
tissue samples are less obviously compared to the ones at the 30% testing angles, as shown in Fig. 5.

Table 1. Piecewise parameters of materials modulus of samples \b" at 30% testing angle.

Modulus (kPa)
0%–25% of strain

(Zone 1)
25%–30% of strain

(Zone 2)
30%–35% of strain

(Zone 3)

Preferred-fiber direction (p) 4.66! 1.01 46.70! 17.64 378.01! 160.13
Cross-fiber direction (c) 3.05! 0.65 13.27! 0.93 65.96! 40.49
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directions e1 and e2, respectively. Therefore, anisotropic behaviors of tissue samples
are less obviously compared to the ones at the 30% testing angles.

Piecewise parameters of material modulus of samples \b" in three zones are listed
in Table 1, and values are expressed as means! standard deviations for skin tissue
samples. Stress–strain curves in zone 1 provide moduli of elasticity of samples \b"
and stress–strain curves in zones 2 and 3 provide tangent moduli of elasticity. The
differences between the direction-dependent stress versus strain curves in samples
\b" are mainly due to collagen fibers arrangements.31–34 Most of the collagen fibers
in samples \b" align along the e1 direction, therefore stiffer mechanical properties in
the preferred-fiber direction are observed (Figs. 5 and 6(b)).

In zone 1 (0%–25% strain), it is observed that the modulus in the preferred-fiber
direction is higher than that in the cross-fiber direction (Eð1Þ

p /E ð1Þ
c ¼ 1:53), sug-

gesting that the skin sample has slightly anisotropic material properties in zone 1
(Table 1 and Fig. 5). This could be due to randomly distributed collagen fibers
in skin tissue samples being not fully aligned along the preferred-collagen fiber
direction before reaching 25% equibiaxial stretching, as shown in Fig. 5. In zone 2
(25%–30% strain), it is observed that the modulus in the preferred-fiber direction is
more than 3 times higher than that in the cross-fiber direction (Eð2Þ

p /Eð2Þ
c ¼ 3:52), as

shown in Table 1 and Fig. 5. It is suggested that the skin sample has anisotropic
material properties in zone 2 (Table 1 and Fig. 5). However, it is still not clear which
intrinsic biological characteristic gives rise to the interesting microstructure fea-
tures of collagen fibers that reflect back to the measured mechanical property in
zone 2. In zone 3 (30%–35% strain), it is observed that the modulus in the preferred-
fiber direction is more than five times higher than that in the cross-fiber direction for
the skin tissue samples (Eð3Þ

p /E ð3Þ
c ¼ 5:73) (Table 1 and Fig. 5). The increased ratio

of this mechanical property in the skin tissue samples suggests that collagen fibers
experience most realignment and straightening in zone 3.

Comparing zones 1 and 2, a ten-fold increase in the modulus in the preferred-fiber
direction is observed (Eð2Þ

p /Eð1Þ
p ¼ 10:02). In contrast, only a four-fold increase in

the modulus in the cross-fiber direction is observed (Eð2Þ
c /Eð1Þ

c ¼ 4:35). The result
confirms that this highly anisotropic material property in skin tissues is dominated
by the orientation of the collagen fibers.35–37 Moreover, comparing zones 2 and 3,
the modulus of the skin tissue samples in the preferred-fiber direction is eight-fold
higher than the one in zone 2 (Eð3Þ

p /E ð2Þ
p ¼ 8:09), which is slightly lower than the

one in zone 1 (Eð2Þ
p /Eð1Þ

p ¼ 10:02). Interestingly, the modulus of the skin tissue
samples in the cross-fiber direction is comparable to the one in zones 2 and 1
(Eð3Þ

c /Eð2Þ
c ¼ 4:97 and E ð2Þ

c /Eð1Þ
c ¼ 4:35). It is suggested that collagen fiber align-

ment in skin tissues is saturated when samples are stretched above 30% strain
(Table 1 and Fig. 5). In the current in-vitro study, it was recognized in pilot
experiments that skin samples began to tear when stretched above 35% strain,
consistent with observations reported in other studies.7 In this study, it is intended
to conduct a parametric study to understand direction-dependent mechanical
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properties. Therefore, tissue samples are equibiaxially stretched only up to 35% of
the strain.

One of the limitations in the current study is that only one cycle of pre-
conditioning is used in the study where the test was executed to pre-stretch the
tissue to release the residual stresses inside tissue samples. Hysteresis is observed
during equibiaxial testing (Fig. 3(c)), therefore viscoelasticity play an important
role in the mechanical behavior of skin tissue. Viscoelasticity of skin tissues have
been characterized previously,7,38 and it is observed that the stress relaxation
of the tissue is highly dependent on the duration of the tissue stretching. Moreover,
the results from the studies also revealed that the skin tissue slowly recovers back to
the original mechanical properties. However, the studies failed to identify preferred-
fiber and cross-fiber directions prior to these mechanical measurements.7,38

Therefore, the current study aims to establish a measurement method to identify
and quantify direction-dependent mechanical properties of skin tissue prior to
viscoelasticity measurement. The follow up study focusing on directional-visco-
elasticity of skin tissue prior to and after skin stretching is currently in preparation.
While the focus of the current study was purely biomechanical, leveraging our
laboratory’s biaxial mechanical testing expertise, we intend in follow-up studies to
conduct histological and biochemical evaluations, toward developing structure–
function relationships for the skin. Moreover, surface-area gain for reconstructive
surgery has been studied by varying tissue expander shapes39 and tissue expansion
speed and duration,38 and has been characterized by histochemical,40 histomor-
phological and ultrastructural analyses.5 Therefore, the demonstrated method
in the current study provides a great foundation on optimizing surface-area gain
for the reconstructive surgery. That is, by stretching skin tissue with proper
direction, force, speed and duration, it is expected to achieve a functional tissue
expansion and helping patients who need a large surface area of skin grafts or
reconstructions.

4. Conclusion

Biological tissues have a complex microstructure and their biomechanical behaviors
are highly related to inhomogeneous collagen fiber architecture. The current study
provides a method to quantify directional mechanical properties of skin tissues,
which is very important prior to reporting mechanical properties of skin tissues. To
the authors’ knowledge, it is the first reported directional biomechanical properties
of skin tissue at the large strain range (above 30%). The directional–mechanical
properties of skin tissue is measured biaxially and identified via the anisotropic
behavior of tissue samples. It is observed that skin tissue has a nonlinear anisotropy
biomechanical behavior, where the parameters of material modulus are
378! 160 kPa in the preferred-fiber direction and 65.96! 40.49 kPa in the cross-
fiber direction when stretching above 30% strain equibiaxially. The result from the
study provides methods of characterizing biaxial mechanical properties of skin
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tissue, as the collagen fiber direction appears to be one of the primary determinants
of tissue anisotropy.

References

1. Silver FH, Siperko LM, Seehra GP, Mechanobiology of force transduction in dermal
tissue, Skin Res Technol 9:3, 2003.

2. Silver FH, Seehra GP, Freeman JW, DeVore D, Viscoelastic properties of young and old
human dermis: A proposed molecular mechanism for elastic energy storage in collagen
and elastin, J Appl Polymer Sci 86:1978, 2002.

3. Silver FH, Freeman JW, DeVore D, Viscoelastic properties of human skin and processed
dermis, Skin Res Technol 7:18, 2001.

4. Silver FH, Kato YP, Ohno M,Wasserman AJ, Analysis of mammalian connective-tissue
&&& relationship between hierarchical structures and mechanical-properties, J Long-
Term Effects Med Impl 2:165, 1992.

5. Ladd MR, Lee SJ, Atala A, Yoo JJ, Bioreactor maintained living skin matrix, Tissue
Eng A 15:861, 2009.

6. Daly CH, Biomechanical properties of dermis, J Invest Dermatol 79:S17, 1982.
7. Zeng YJ, Huang K, Xu CQ, Zhang J, Sun GC, Biorheological characteristics of skin

after expansion, Biorheology 38:367, 2001.
8. Weber L, Kirsch E, Muller P, Krieg T, Collagen type distribution and macromolecular

organization of connective-tissue in different layers of human-skin, J Invest Dermatol
82:156, 1984.

9. Lavker RM, Zheng PS, Dong G, Aged Skin &&& A study by light, transmission electron,
and scanning electron-microscopy, J Invest Dermatol 88:S44, 1987.

10. Mays PK, Bishop JE, Laurent GJ, Age-related-changes in the proportion of type-i and
type-Iii collagen, Mech Age Develop 45:203, 1988.

11. Hollenstein M, Ehret AE, Itskov M, Mazza E, A novel experimental procedure based on
pure shear testing of dermatome-cut samples applied to porcine skin, Biomech Model
Mechanobiol 10:651, 2011.

12. Vardaxis NJ, Brans TA, Boon ME, Kreis RW, Marres LM, Confocal laser scanning
microscopy of porcine skin: Implications for human wound healing studies, J Anatomy
190:601, 1997.

13. Corr DT, Gallant-Behm CL, Shrive NG, Hart DA, Biomechanical behavior of scar tissue
and uninjured skin in a porcine model, Wound Repair Regen 17:250, 2009.

14. Argenta LC, Watanabe MJ, Grabb WC, The use of tissue expansion in head and neck
reconstruction, Ann Plastic Surg 11:31, 1983.

15. Arneja JS, Gosain AK, Giant congenital melanocytic nevi, Plastic Reconstr Surg
120:26E, 2007.

16. Lanir Y, Fung YC, 2-dimensional mechanical-properties of rabbit skin.1. Experimental
System, J Biomech 7:29, 1974.

17. Lanir Y, Fung YC, 2-dimensional mechanical-properties of rabbit skin.2. Experimental
Results, J Biomech 7:171, 1974.

18. Tong P, Fung Y-C, The stress-strain relationship for the skin, J Biomech 9:649, 1976.
19. Eilaghi A, Flanagan JG, Brodland GW, Ethier CR, Strain uniformity in biaxial speci-

mens is highly sensitive to attachment details, J Biomech Eng-Trans Asme 131:091003,
2009.

20. Huang H-YS, Balhouse BN, Huang S, A synergy study of heart valve tissue mechanics,
microstructures, and collagen concentration, in 2012 ASME Int Mech Eng Cong Expo-
sition, ASME, Houston, 2012.

H.-Y. Shadow Huang et al.

1450069-10



21. Huang H-YS, Huang S, Real-time strain mapping via biaxial stretching in heart valve
tissues, in 2012 IEEE Eng Med Biol Soc (IEEE, San Diego, 2012).

22. Huang H-YS, Balhouse BN, Huang S, Application of simple biomechanical and bio-
chemical tests to heart valve leaflets: Implications for heart valve characterization and
tissue engineering, Proc Instit Mechan Eng H: J Eng Med 226:868, 2012.

23. Sun W, Sacks MS, Scott MJ, Effects of boundary conditions on the estimation of the
planar biaxial mechanical properties of soft tissues, J Biomech Eng-Trans Asme
127:709, 2005.

24. Eilaghi A, Flanagan JG, Tertinegg I, Simmons CA, Brodland GW, Ethier CR, Biaxial
mechanical testing of human sclera, J Biomech 43:1696, 2010.

25. Langer K, Anatomy and physiology of skin. 2. Skin tension, Bri J Plastic Surg 31:93,
1978.

26. Langer K, Anatomy and physiology of skin. 1. Cleavability of cutis, Brit J Plastic Surg
31:3, 1978.

27. Langer K, Anatomy and physiology of skin. 3. Elasticity of cutis, Bri J Plastic Surg
31:185, 1978.

28. Cox HT, The cleavage lines of the skin, Bri J Surg 29:234, 1942.
29. Fung YC, Biomechanics: Mechanical Properties of Living Tissues, Springer Verlag,

City, 1993.
30. Webster MR, De Vita R, Twigg JN, Socha JJ, Mechanical properties of tracheal tubes in

the American cockroach (Periplaneta americana), Smart Mater Struct 20:2011.
31. Christie GW, Barrattboyes BG, Mechanical-Properties of porcine pulmonary valve

leaflets &&& How do they differ from aortic leaflet, Ann Thoracic Surg 60:S195, 1995.
32. Joyce EM, Liao J, Schoen FJ, Mayer, Jr. JE, Sacks MS, Functional collagen fiber

architecture of the pulmonary heart valve cusp RID F-3703-2011, Ann Thoracic Surg
87:1240, 2009.

33. Sacks MS, Smith DB, Hiester ED, The aortic valve microstructure: Effects of trans-
valvular pressure, J Biomed Mater Res 41:131, 1998.

34. Billiar KL, Sacks MS, Biaxial mechanical properties of the natural and glutaraldehyde
treated aortic valve cusp &&& Part I: Experimental results, J Biomech Eng-Trans Asme
122:23, 2000.

35. Sacks MS, Incorporation of experimentally-derived fiber orientation into a structural
constitutive model for planar collagenous tissues, J Biomech Eng 125:280, 2003.

36. Sacks MS, Sun W, Multiaxial mechanical behavior of biological materials, Annu Rev
Biomed Eng 5:251, 2003.

37. Sacks MS, Biaxial mechanical evaluation of planar biological materials, J Elast 61:199,
2000.

38. Zeng YJ, Xu CQ, Yang J, Sun GC, Xu XH, Biomechanical comparison between con-
ventional and rapid expansion of skin, Bri J Plastic Surg 56:660, 2003.

39. El Ghalbzouri A, Lamme EN, van Blitterswijk C, Koopman J, Ponec M, The use of
PEGT/PBT as a dermal scaffold for skin tissue engineering, Biomaterials 25:2987, 2004.

40. Wollina U, Berger U, Stolle C, Stolle H, Schubert H, Zieger M, Hipler C, Schumann D,
Tissue expansion in pig skin &&& A histochemical approach, Anatom Histol Embryol J
Veterinary Med C-Zentralblatt Fur Veterinarmedizin Reihe C 21:101, 1992.

Directional Biomechanical Properties of Porcine Skin Tissue

1450069-11


	DIRECTIONAL BIOMECHANICAL PROPERTIES OF PORCINE SKIN TISSUE
	1. Introduction
	2. Materials and Method
	2.1. Sample preparation
	2.2. Mechanical characterization of skin tissue
	2.3. Collagen fiber directions identification
	2.4. Statistical analysis

	3. Results and Discussion
	4. Conclusion
	References


