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Background/aims: The purpose of this work is to attempt to
determine the elastic spring constant for collagen and elastic
fibers (elastin) in skin and to detemine if the values of these
elastic constants are similar to those reported for other tissues.
Methods: We studied the viscoelastic mechanical properties of
human skin and dermis by measuring the incremental stress-
strain behavior. Elastic stress-strain curves were used to obtain
the elastic spring constant of elastin and collagen while the colla-
gen fibril length was obtained from the slope of viscous stress-
strain curves.

Results: Our results suggest that the elastic spring constant for
elastin is about 4.0 MPa while that for collagen is about 4.4 GPa.
The former value is similar to that calculated for ligamentum nu-
chae while the latter value is about 70% of the value found for

tendon and self-assembled type | collagen fibers. The differ-
ences between the elastic constants for collagen molecules in
tendon and skin is hypothesized to reflect the higher molecular
tilt angle and lower D peried found in skin compared to tendon
as well as a shorter fibril length.

Conclusion: The differences in the collagen types present in
skin and tendon may influence collagen self-assembly and the
resulting viscoelastic properties.
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ONF. OF THE primary functions of skin is to protect
internal organs and tissues from mechanical
trauma. Skin is viscoelastic and as a result the mech-
anical response to loading involves both a viscous
component associated with energy dissipation and an
elastic component associated with energy storage (1).
Energy applied to skin is partially dissipated through
viscous sliding of collagen fibrils during alignment
with the force direction (2) while the elastic behavior
of skin is important in ensuring shape recovery after
deformation (3). Changes in the collagen fibril orien-
tation during deformation of the dermis are critical to
maintaining the large extensibility of human skin (3,
4). The mechanical properties of skin are related to
the structure and properties of the collagen and elastic
fibers and the proteoglycans that are found in the skin
(2).

Skin is a multilayered material with well-defined
anatomical regions (5, 6). The superficial epidermis
forms an uninterrupted barrier that ranges in thick-
ness from 0.07 mm to 0.12 mm over much of the body
surface (1) and contributes little to the mechanical
properties (2). Below the epidermis is the dermis,
which is between 1 mm and 4 mm thick (5); the der-
mis is composed of the papillary and reticular layers.
The papillary dermis forms the upper layer, which
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comprises about 10% of the full dermal thickness. It
contains thin collagen fibrils 2040 nm in diameter (5)
that are packed into thicker collagen fibers 0.3-3.0 um
in diameter (7). Below the papillary layer is found the
reticular layer, which contains collagen fibrils 60-100
nm in diameter. Reticular collagen fibrils are com-
posed primarily of type I collagen (5) and have fiber
diameters between 10 pm and 40 pum (5). Type III col-
lagen accounts for only about 15% of the dermal colla-
gen, much of which is found in the papillary layer (5).

In the young adult, the collagen in the papillary
dermis appears as a feltwork of randomly oriented
fine fibers while that in the reticular dermis consists
of loosely interwoven, large, wavy, randomly oriented
collagen bundles (8). Increased collagen fiber density
is observed with increased age, which is reported to
reflect a decrease in the spaces between individual
bundles (8). The mean fractional volumes of collagen
fibers determined from stereological data is reported
to be relatively constant for both papillary and reticu-
lar dermis (9) and is between about 66% and 69% for
all age groups studied (9). Collagen fibers are ob-
served to be more compact with increased age and
appear to unravel (8).

Elastic tissue in skin consists of superficial thin
bundles of microfibrils that become associated with



progressively larger amounts of amorphous elastin
and increase in size from the papillary to reticular der-
mis (9). The relative volume of elastic fibers increases
from about 0.7% to about 2.5% while the diameters
increase from about 1 pum to 2 pm, going from the
papillary to the reticular dermis (10). The volume frac-
tion increases with age up to about 1 year, then ap-
pears to plateau. The density of elastic fibers in the
papillary dermis decreases from about 2.5% to about
2% for individuals older than 10 years. Elastic fibers
from skin of older individuals appear to fray and con-
tain holes (8).

Biomechanical studies suggest that the initial por-
tion of the stress-strain curve of skin is highly viscoel-
astic with a high viscous dissipation occurring during
collagen fibril alignment (3). The stress-strain behav-
ior of skin is composed of three phases (1). Up to
strains of about 0.3 the collagen network offers little
resistance to deformation and the behavior is domi-
nated by the elastic fibers (11). Between strains of
about 0.3 and 0.6 the collagen fibrils begin to offer
resistance to deformation. During the linear portion
of the stress-strain curve, the elastic component domi-
nates the deformation (3) and appears to involve
stretching of the flexible regions of cross-linked colla-
gen molecules (12-15). In tendon, the viscous compo-
nent of the stress-strain behavior is associated with
fibrillar slippage (12-15). In the yield and failure re-
gion (strains above 0.6), fibril defibrillation occurs.
While it is clear from inspection of stress-strain curves
that the behavior of skin and tendon are quite differ-
ent (1), it is not clear whether the elastic spring con-
stant for collagen molecules in tendon (7 to 8 GPa) is
different from that for collagen in skin (15).

The purpose of this paper is to analyze the viscoel-
astic properties of human skin and dermis in an
attempt to determine if the elastic spring constant for
collagen molecules in skin and tendon are the same.
In addition, we will attempt to calculate the elastic
spring constant for elastic fibers (elastin). Differences
in the elastic spring constant for collagen between
skin and tendon may reflect differences in the colla-
gen fibrillar structure and give additional insight into
the relationship between collagen composition and
mechanical properties of connective tissue.

Material and Methods

Data for the viscoelastic behavior of human skin was
obtained from Dunn & Silver (3). Skin used in that
study was obtained from the thoracic and abdominal
areas from patients 47-86 years of age and tested
within 7 days of autopsy. All samples were tested at
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a strain rate of 10%/min using a gauge length of 2
cm. All stress data for human skin obtained from
Dunn & Silver (3) were multiplied by a factor of 1.0+
strain to correct for changes in cross-sectional area
during testing.

The mechanical behavior of different decellurized
collagenous substrates were determined in this study.
Samples of Alloderm™ Acellular Dermal Graft were
obtained from LifeCell Corporation (Woodlands, TX,
USA) while processed human dermis (Dermaplant'™
Dermal Allograft) was obtained from Collagenesis,
Inc. (Beverly, MA, USA). Dermaplant™, which will
be referred to subsequently in this paper as processed
dermis, was prepared in the following fashion. Skin
was procured from tissue banks complying with all
applicable federal and state regulations and with
American Association of Tissue Banks standards. Skin
was cryopreserved for storage prior to processing
using standard skin bank procedures. After frozen
skin was removed from storage and thawed, it was
processed by treatment with solutions to remove the
epidermis and other cellular materials, virally inacti-
vated, and extensively washed to remove residuals of
decellurization and viral inactivation solutions. The
processed dermis was then frozen and freeze-dried
prior to mechanical testing.

Strips of either Alloderm or processed dermis (5
cmx1 ecmX1 to 2 mm thick) were rehydrated in phos-
phate buffer solution (PBS) at room temperature for a
minimum of 30 min prior to mechanical testing.
Sample dimensions were measured by observation
through the calibrated eyepiece of a Leitz Pol micro-
scope (Leitz, Rockville, NJ, USA). The dimensions
were measured in three places along the strip and the
average cross-sectional area was obtained. It was as-
sumed that the sample cross section was rectangular.

Standard viscoelastic testing was conducted on wet
samples at room temperature, as previously described
(12, 13). Strips were clamped into the Instron grips,
and samples were stretched in tension at a strain rate
of 10%/min using an Instron Model 1122 testing de-
vice. The gauge length used was 2 cm. All strains
were determined from the displacement of the
crosshead. Specimens were subjected to strain in-
crements starting at a strain of 0.10, resulting in an
incremental stress-versus-strain curve (Fig. 1). All
stresses were multiplied by 1.0+the strain to correct
for changes in the cross-sectional area during de-
formation. This assumes that deformation occurs with
no change in volume. After the sample was stretched
to each strain increment, the stress was allowed to de-
cay to equilibrium before an additional strain in-
crement was added. The elastic component of the
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Fig. 1. Engineering stress-strain curves for skin. Total (unfilled
squares, top), elastic (filled diamonds, middle) and viscous (filled
squares, bottom) curves for himan skin obtained from Dunn & Silver
(3). Total stress was obtained from the initial stress observed at a strain
rate of 10%/min while elastic stress was obtained from the equilibritm
value of the stress at a fixed strain. Viscous stress was defined as the
difference between the tofal and elastic stresses.

stress was defined as the stress at equilibrium while
the viscous component was calculated from the differ-
ence between the total stress and the elastic stress
component. Total, elastic and viscous stress-strain
curves were approximated by straight lines using a
curve fitting program within Cricket Graph.

Lines representing the viscous stress-strain curves
obtained from incremental stress-strain curves were
converted into fibril lengths based on estimation of ax-
ial ratios and shape factors, as described previously (12,
13). Viscous stress-strain equations were approximated
by straight lines as discussed above and the equations
were divided by the strain rate (0.1/min) to give an
equation that represented the extensional viscosity ver-
sus strain in MPa-s. The shear viscosity as a function of
strain was then approximated from the extensional vis-
cosity by dividing by a value of 3.0, which is equivalent
to the relationship between shear modulus and tensile
modulus for isotropic materials with Poisson’s ratio
equal to 0.5. Shear viscosity as a function of strain was
converted into shape factor, V, by dividing by the sol-
vent viscosity (8.23x10* MPa-s) for water and by the
volume fraction of polymer. The volume fraction of col-
lagen was estimated from the wet and dry sample
weights and was about 0.17 for processed dermis. The
axial ratio, Z, was estimated from equation (1) where k
is 0.1395 for collagen.

Zo= (V/k) 0.552 (1)

Collagen fibril lengths were calculated from equation
1 using the estimated value of the average fibril diam-
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Fig. 2. True stress-strain curves for huwman skin. Total (unfilled
squares, top), elastic (filled diamonds, middle) and viscous (filled
squares, bottont) curves for human skin obtained from Dunn & Silver
(3) after correction for cross-sectional area changes that occur during
deformation. Engineering stresses shown in Fig. 1 were multiplied by
the strain +1.0 to give the true stress and then plotted versus strain.
Total stress was obtained from the initial stress observed at a strain
rate of 10%/min while elastic stress was obtained from the equilibrivm
value of the stress at a fixed strain. Viscous stress was defined as the
difference between the total and elastic stresses.
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Fig. 3. Determination of the elastic spring constant for human skin in
the linear region. A plot of the slope of the elastic true stress-strain
curve in the linear region for hwman skin is shown. The equation
shown 1s the best linear fit to the experimental stress-strain curve.
Also shoton is the correlation coefficient R®. The elastic spring constant
was determined to be 18.8 MPa.

eter (80 nm) in the reticular layer reported by Smith

(5).

Results

Total, elastic and viscous stress-strain curves for hu-
man skin are shown in Fig. 1. When this data was
replotted after the stress was converted into true
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Fig. 4. Determination of the viscous slope for human skin in the linear
region. A plot of the slope of the viscous true stress-strain curve in the
linear vegion for human skin is shown. The equation shown is the best
linear fit to the experimental stress-strain curve. Also shown is the
correlation cocfficient R*. The viscous slope is used to calculate the
Sfibril length using equation 1,

stress from engineering stress, the stress-strain curves
shifted upward (Fig. 2). The true stress was obtained
by multiplying the engineering stress by 1.0 + the
strain. The total and elastic stress-strain relationships
rapidly increase after an initial low slope region. The
viscous stress-strain curve has a small initial slope
that increases almost linearly after a strain of about
0.4. The elastic stress-strain curve can be broken into
two straight lines. The slope of the initial portion of
the curve is about 0.100 MPa while that of the high
strain region is about 18.80 MPa (Fig. 3). The slope of
the viscous stress-strain curve above a strain of 0.4 is
about 5.13 MPa (Fig. 4)

Stress-strain data for Alloderm and processed der-
mis are shown in Table 1. Values for the initial slope
are all about 0.100 MPa. The value is only approxi-
mate since the slope in this region is much lower than
that of the second portion of the curve. The slopes of
the high strain elastic stress-strain curves were 18.8
and 17.55 for Alloderm (Fig. 5) and for processed der-
mis, respectively.

TABLE 1. Slopes of the incremental stress-strain curves

Sample Slopes (MPa) Fibril
length (um)
Initial Final Viscous
elastic elastic
Human skin 0.10 18.8 513 54.8
Alloderm® 0.10 18.4 7.05 63.7
Processed dermis  0.10 17.6 4.35 48.8

* Calculated using a fibril diameter of 80 nm.
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Fig. 5. Delermination of the elastic spring constant for Alloderm™ in
the linear region. A plot of the slope of the elastic true stress-strain
curve in the linear region for human skin is shown. The equation
shown is the best linear fit to the experimental stress-strain curve.
Also shown is the correlation coefficient R, The elastic spring constant
was determined to be 18.4 MPa.

The slopes of the linear portion of the viscous
stress-strain curves were 5.37, 7.05 and 4.35 for human
skin, Alloderm and processed dermis, respectively. Fi-
bril lengths calculated from the slopes of the viscous
stress-strain curves in the region of strain above 0.4
are listed in Table 1 and are 54.8 nm, 63.7 nm and 48.8
nm for human skin, Alloderm and processed dermis,
respectively.

Discussion

We previously reported that the elastic spring con-
stant for type I collagen fibers in tendon and for self-
assembled cross-linked type I collagen fibers is be-
tween 5 and 7.9 GPa after correction for the collagen
volume fraction and the ratio of macroscopic de-
formation to molecular deformation (a factor of 10)
that is associated with a specific macroscopic strain
(13, 14). The slope of the viscous stress-strain curve
was determined to be about 160 MPa for rat tail ten-
don fibers (13, 14) and 41 to 84 MPa for turkey ten-
dons from 12- to 16-week-old animals (14) at a strain
rate of 10% per min. The fibril length for rat tail ten-
don calculated using equation 1 and a fibril diameter
of 250 nm was 880 pm while turkey tendon fibril
lengths were between 414 and 616 pm using a fibril
diameter of 264 nm (13, 14).

In the present study, we have determined that the
slope of the elastic stress-strain curve for skin and
dermis for strains up to 0.4 is 0.100. The slope in-
creases above a strain of 0.4 to 18.8 MPa for human
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skin, to 18.4 MPa for Alloderm and to 17.55 MPa for
processed dermis. It is believed that the initial slope
of the stress-strain curve represents the contribution
of elastic fibers to the stress-strain behavior of skin
(3, 11). If we correct the initial elastic slope by the
approximate volume fraction of elastic fibers (2.5%),
the slope becomes 4.00 MPa. The slope of the stress-
strain curve of elastin from ligamentum nuchae cor-
rected for true stress is 2.04 MPa (16); assuming a
volume fraction of elastin of about 0.45 at 23°C (17),
this gives a corrected slope for elastic fibers of 4.53
MPa in ligamentum nuchae. This value is close to
the measured value for skin. The value of 4.00 MPa
for the elastic constant of elastin is higher than the
previous estimate (2) and does not change after re-
moval of the cellular components since the slope for
Alloderm and processed dermis was identical to that
of intact skin.

The value of the slope of the elastic stress-strain
curve at strains above 0.4 reflects the contribution of
the collagen fibrils (3). For human skin, the value ob-
tained in this study is 18.8 MPa. When this value is
corrected for the volume fraction of polymer (0.17)
and the ratio of the macroscopic strain to the mol-
ecular deformation, an elastic constant for collagen
molecules in skin is obtained. If it is assumed that
the ratio of the macroscopic strain to the molecular
strain is a factor of 10 as previously estimated for
tendon (13, 14) and that this ratio must be corrected
by the length of the linear region for skin (0.4) di-
vided by that of the length of the linear region in
tendon (0.1), then the corrected elastic constant for
collagen in skin becomes about 4.4 GPa. This value
is about 60% of that calculated for tendon. The dif-
ference between the elastic constants for collagen
molecules in tendon and skin may reflect differences
in the D periods of these tissues (67 nm in tendon
and 65 nm in skin), which reflect differences in mol-
ecular tilts. It has been modeled that cross-link dif-
ferences in tendon and skin require that the collagen
molecules in skin have a molecular tilt of 16° com-
pared to a tilt of 7° in tendon (18). The effect of a
molecular tilt of 16° would be to lower the effective
elastic constant of collagen.

The stiffness of fiber reinforced composites falls off
rapidly as the angle between the fiber axis and the
direction of the applied stress increases. The increased
angle of tilt of collagen molecules with respect to the
fibril axis in skin could explain the apparent differ-
ences in elastic spring constants of collagen molecules
in skin and tendon. Another factor that may explain
the decreased elastic spring constant of skin with re-
spect to tendon may be the type III collagen content.
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Type III collagen is found in skin in combination with
type I molecules. Results of a recent modeling study
suggest that the type III collagen molecule is more
flexible than that of type 1 collagen (15), suggesting
that the lower elastic spring constant may reflect the
addition of more flexible collagen molecules. Removal
of the cellular components from skin did not change
the effective elastic constant of collagen since the
slope of the high strain region was not significantly
changed for Alloderm and processed dermis in com-
parison to intact human skin. This result was ex-
pected, as discussed previously (2).

Collagen fibril lengths were calculated from the
slope of the viscous stress-strain curve and from equa-
tion 1. For human skin the value of the fibril length
was found to be about 55 pm, which is about an order
of magnitude below that found for tendon (12-14).
The fibril lengths were similar for Alloderm and pro-
cessed dermis, suggesting that removal of the cellular
components did not appear to affect collagen fibril
length. The shorter fibril lengths calculated for skin
and processed dermis compared to tendon suggest
that the decreased fibril length may lead to the de-
creased elastic spring constant for collagen in skin
compared to tendon.

These results suggest that the mechanical behavior
of skin differs from that of tendon in several ways
(15). The initial portion of the stress-strain curve in-
volves stretching of the elastic fibers, which have an
elastic constant of about 4.0 MPa. During this portion
of the stress-strain curve, the collagen fibrils and
fibers are presumably folded so that deformation in-
volves little collagen molecular stretching and slip-
page. During subsequent skin deformation, collagen
molecular stretching and slippage occur. The de-
creased D period of the collagen molecules in skin and
the shorter fibril lengths result in increased fibrillar
slippage and energy dissipation, effectively lowering
the elastic constant of collagen. These results suggest
that differences in the types of collagen found in skin
and tendon may explain the differences in the mech-
anical properties of these tissues. Increased tilt angles
of the collagen molecules in skin with respect to the
fibril axis are consistent with the apparent decrease in
the elastic spring constant of collagen and lower mod-
uli of skin with respect to tendon (1). Differences in
the collagen composition of skin with respect to ten-
don may also reflect differences in collagen fibril
lengths and lead to changes in the elastic component
of the viscoelastic behavior. In this manner small
modifications in the self-assembly of collagen single
molecules in different tissues may lead to large differ-
ences in the mechanical behavior.
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