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The purpose of this study is to investigate the effects of precondi-
tioning on the deformation response of planar tissues measured
by inflation tests. The inflation response of test specimens, includ-
ing the bovine cornea, bovine and porcine sclera, and human
skin, exhibited a negligible evolving deformation response when
subjected to repeated pressure loading with recovery periods
between cycles. Tissues obtained complete recovery to the refer-
ence state, and strain contours across the entire specimen were
nearly identical at the maximum pressure of each load cycle. This
repeatability was obtained regardless of strain history. These
results suggest that negligible permanent change was induced in
the microstructure by inflation testing. Additionally, we present
data illustrating that a lack of a recovery period can result in an
evolving deformation response to repeated loading that is com-
monly attributed to preconditioning. These results suggest that the
commonly observed effects of preconditioning may be avoided by
experimental design for planar tissues characterized by long col-
lagen fibers arranged in the plane of the tissue. Specifically, if the
test is designed to fully fix the specimen boundary during loading,
adequate recovery periods are allowed after each load cycle, and
loads are limited to avoid damage, preconditioning effects may be
avoided for planar tissues. [DOI: 10.1115/1.4025105]

1 Introduction

Preconditioning, or the use of repeated load cycles to obtain a
repeatable mechanical response, is a common procedure in the
testing of soft biological tissues. Preconditioning effects refer to

an evolving mechanical response to repeated loading and were
first described for uniaxial tensile testing of skin [1]. Characteris-
tic changes with repeated loading include rightward shifting of the
load-elongation curve, accompanied by permanent elongation,
reduced hysteresis, and a decrease in the peak stress for the same
applied stretch [2]. These effects occur even when the tissue is
allowed to viscoelastically recover between load cycles. The
changes lessen with successive load cycles, eventually achieving
a repeatable state, typically after 3–10 cycles [3–5].

It is commonly accepted that tissues must be preconditioned to
obtain repeatable measurements. However, preconditioning may
induce nonphysiological changes to the tissue. This can be
avoided by only using data from the first loading curve [6], but of-
ten studies require comparison of subsequent tests (e.g., compar-
ing the effects of loading rates). Preconditioning is most
commonly applied for uniaxial [7] and biaxial [8] tension but has
also been applied for indentation [9,10], aspiration [11], confined
compression, and shear tests [12]. The effects of preconditioning
for uniaxial tensile tests [13] are more severe than for biaxial ten-
sion tests [14], with more dramatic shifting of the load-elongation
curve and often more loading cycles required to reach a repeatable
reference state. Although the need for preconditioning is well
accepted, the preconditioning protocols for particular tests are not
standardized. Moreover, important details of the protocol are often
not reported. For example, the rest periods between each precon-
ditioning cycle needed for viscoelastic recovery are usually nei-
ther included nor specified [5,7,14,15]. The number of loading
cycles is also often not reported and can vary significantly from
study to study (e.g., three to nine preconditioning cycles for uniax-
ial tension testing of skin [3,4], five cycles for bovine cornea [16],
ten cycles for rabbit [17] and porcine [18] sclera, and as many as
160 cycles for tendons and ligaments [19]).

A number of studies have proposed guidelines for precondi-
tioning. In general, the preconditioning loading protocol should
be as similar as possible to the loading protocol applied in the
test. This was first proposed for biaxial testing of skin by
Lanir and Fung [15], where it was observed that specimens to
be tested biaxially must also be preconditioned biaxially to
obtain repeatable results. Similarly, Carew et al. [20] reported
that tissues to be tested by stress relaxation must be precondi-
tioned with repeated stress relaxation tests. It has also been
reported that a specimen must be preconditioned to the same
strain level as in the test, and if a specimen is preconditioned
to a certain strain level and a new strain level is to be tested,
a new round of preconditioning is required [2,7,21]. Strain his-
tory can also impact preconditioning protocols. Carew et al.
[22] applied quasilinear viscoelastic theory to model the pre-
conditioning response and concluded that the preconditioned
state was a function of the strain history seen by the tissue.
Significant rest periods, on the order of 24 h, were necessary
prior to testing in order to erase the strain history.

Precise knowledge of the preconditioning protocol is important
because repeated loading can have a significant effect on the stress
response, often leading to a rightward shift of the stress-strain
curve and a stiffer response in the linear region [2,16].
Preconditioning causes a lengthening of the reference length of
the material [23]. However, the stress-strain responses are often
plotted with respect to the initial length at the beginning of the
first cycle. This is why preconditioning is often described as a
softening effect [2]. If the displacements for each load cycle were
tared such that the reference length was the length at the begin-
ning of each cycle, the load-unload curves would show a stiffen-
ing effect for many cases. This has been observed for bovine
cornea [16].

Despite widespread use, the mechanisms responsible for pre-
conditioning effects are still poorly understood. Some of the
reported preconditioning effects may be due to viscoelastic
effects, as many preconditioning protocols do not provide a recov-
ery time between loading cycles [5,7,14,15]. This can lead to a
conflation of recoverable viscoelastic behavior with
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nonrecoverable microstructural changes induced by loading.
However, even among studies where recovery time was allowed
[2,16,22], mechanical changes and lengthening of the tissue have
still been observed. Indeed, viscoelastic theory alone cannot
explain the preconditioning response. Graf et al. [24] modeled the
viscoelastic relaxation effects of preconditioned tissue and found
that preconditioning effects were lessened when recovery time
was allowed between cycles, but the effect still remained even af-
ter 30 min. The fact that a portion of the mechanical shift is not
recoverable after many hours suggests that some kind of perma-
nent structural change is induced in the tissue by repeated loading
[2]. Such structural changes could arise from a permanent rear-
rangement of fibers with loading. Imaging studies with polarized
light microscopy have shown that the collagen fibers align with
the loading direction during preconditioning and that this change
in alignment is maintained after the load is removed [25–27].
Such reorganization could account for the nonviscoelastic changes
seen with preconditioning as well as the stiffening reported in bo-
vine cornea [16] for the linear part of the curve. Finally, damage
may occur at the fibrillar level for high applied loads. Precondi-
tioning effects caused by damage have been described as a Mul-
lins effect, where the breaking of collagen cross-links may
account for the observed softening with repeated loading [28,29].
This could also account for nonrecoverable lengthening of the
tissue.

The objective of this work is to investigate the preconditioning
effects for inflation testing of planar tissues. The term planar tis-
sues here refers to soft tissues in which the extracellular matrix is
characterized by a network of long collagen fibers oriented pri-
marily parallel to the tissue surface. We have designed our test to
eliminate the three possible mechanisms of preconditioning: we
allow a rest period at nominally zero load between cycles to fully
recover viscoelastic deformation; we completely fix the specimen
boundaries to avoid rearrangement of the long collagen fibers dur-
ing loading; and we limit the applied loading to physiological lim-
its to avoid tissue damage. It has been previously reported by our
lab that pressure-displacement results for bovine sclera [30],
human sclera [31], and human skin [32] do not suffer significant
preconditioning effects to repeated loading. Here, we present
pressure-strain data from human skin tissue, porcine sclera, bo-
vine cornea, and bovine sclera showing minimal preconditioning
effects when subjected to inflation testing. This is in contrast to
studies on the same tissues using uniaxial and biaxial loading con-
figurations [3,15–17]. We achieved complete recovery of the local
pressure-strain response between cycles when comparing both the
pressure-strain response for a specific point and the strain contours
over larger regions at the maximum pressure of each cycle. This
indicated that there was no permanent deformation of the material
induced by repeated pressurization. We also illustrate how
neglecting to include recovery periods between each loading cycle
can lead to the rightward shift in the strain response commonly
attributed to preconditioning. Finally, we show that the deforma-
tion response was repeatable, even when the specimen was
subjected to extended creep and to pressure load-unload cycles at
different rates.

2 Methods

This section briefly describes the inflation test methods applied
to human skin, bovine cornea, porcine sclera, and bovine sclera.
These inflation methods have been described in detail in previous
publications for bovine sclera [30], human sclera [31,33], human
skin [32], and bovine cornea [34]. In general, all specimens were
cleaned of extraneous tissues and attached to custom plastic hold-
ers using cyanoacrylate glue. The specimen and fixture were
mounted onto an inflation chamber enclosed by a humidity cham-
ber and subjected to repeated pressurization cycles with rest peri-
ods between each load cycle. Samples were imaged with two
stereoscopically arranged cameras, and displacements were meas-
ured using digital image correlation (DIC). Strains were calcu-

lated directly from the DIC displacements along two in-plane
material directions. These strains were plotted against pressure for
the entire test to evaluate the effects of preconditioning. Strain
contours are also presented over a larger area of the tissue to
evaluate local effects of preconditioning.

2.1 Specimen Preparation. Skin specimens 10� 10 cm in
dimension were obtained from the back torso of male human
donors ages 43–83 through the National Disease Research Inter-
change (Philadelphia, PA). Specimens were flash-frozen after pro-
curement and shipped on dry ice. Prior to testing, the specimens
were thawed in phosphate-buffered saline (PBS) and adipose
tissue was removed using fine dissectors.

Bovine eyes from animals 30 months or younger and porcine
eyes from 6–9-month-old animals were procured from Animal
Technologies, Inc. (Tyler, TX). Specimens were received the day
after slaughter and stored at 4 �C until tested. Internal structures
and external fat and muscle were removed from the globe to
obtain a clean scleral surface. The more delicate bovine corneas
were tested within 24 h of delivery, while both bovine and porcine
sclera were tested within 72 h of animal death.

Tissue samples were glued to custom acrylic fixtures (Fig. 1).
Skin tissue was glued to a fixture with a 7.5-cm circular aperture.
Ocular tissue specimens were glued to a smaller fixture at the lim-
bus (bovine cornea and sclera) or 3.0-mm posterior to the equator
(porcine sclera). To secure the attachment of the specimens to the
fixture, the entire perimeter was scored through the thickness with
a scalpel and the scores were impregnated with cyanoacrylate
glue. This provided a fully fixed boundary condition through
the thickness of the tissue and prevented leakage during inflation
testing and excessive shearing at the edge of the deforming
specimen.

2.2 Loading Protocols. All samples were speckled for digital
image correlation with either graphite (skin tissues) or black India
ink (ocular tissues). Specimens were inflated by pressure-
controlled injection of PBS controlled by an MTS-driven syringe
pump (MTS, Eden Prairie, MN). All tests were performed at room
temperature, and all specimens except for the bovine cornea were
tested inside a humidity chamber to prevent dehydration. The
short duration of the test and the fact that the cornea was hydrated
from the bottom by the inflation fluid prevented significant dehy-
dration, confirmed by the repeatability observed between cycles in
Sec. 3.2.

Pressure in the inflation chamber was monitored using a TJE
pressure transducer (Honeywell, Morristown, NJ) with 2 psig
range and 60.002 psig accuracy. The deforming tissue was
imaged at a rate of 0.5 Hz by two cameras arranged in stereo with
1/1.8” image sensors (Point Gray, Richmond, BC, Canada) con-
trolled by VicSnap 2010 (Correlated Solutions Inc., Columbia,
SC). Displacements were determined by DIC using Vic3D 2010
(Correlated Solutions Inc., Columbia, SC).

Prior to starting the pressure-loading protocol, specimens were
allowed to relax at a baseline pressure for 15 min to ensure an
equilibrium reference state. The specimens were then subjected to
three load-unload cycles from the baseline pressure to the maxi-
mum pressure with 15-min rest periods at the baseline pressure
between each cycle. Slightly different pressures and loading rates
were chosen for each tissue type and species, enumerated in
Table 1. The baseline pressure (0.21–0.28 kPa) was chosen to pre-
vent tissue buckling in the reference state. The maximum inflation
pressure for skin (5.52 kPa) was large enough to probe the full
toe-linear stress response of the tissue, while the maximum infla-
tion pressure for the ocular tissues (4.0–6.0 kPa) corresponded to
pathologically relevant elevated intraocular pressures. The slow
loading rates (0.06–0.13 kPa/s) were chosen to measure the quasi-
static response of the tissue. Skin specimens were also tested at a
tenfold higher loading rate (0.70 kPa/s) to examine if changing the
loading rate for the same specimens would affect the
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preconditioning response. Finally, the recovery time was selected
based on preliminary experiments, indicating that complete strain
recovery of the tissue was obtained within 15 min for the slow
loading rates (0.06–0.13 kPa/s) and within 5 min for the faster
loading rate applied to skin (0.70 kPa/s).

In a separate set of experiments, the skin specimens were also
subjected to five preconditioning cycles without recovery periods

to demonstrate the effects of viscoelasticity on the deformation
response. We also present test results for the bovine sclera [30],
where the tissue was subjected to 4 h of additional testing after the
initial preconditioning cycles (Fig. 2). Specifically, after precondi-
tioning, the tissue was subjected to two additional load-unload
cycles at 0.7 kPa/s and 0.007 kPa/s with 20 - and 30-min recovery
periods, respectively, and three 20-min creep tests at 2.0 kPa,

Fig. 1 Tissue, fixture, and inflation chamber. (a) Skin specimen glued to the back of the fixture, scored through the thickness
at the gluing site, and the scored cuts further filled with glue to create a rigid boundary; (b) skin specimen on inflation chamber;
(c) bovine sclera similarly glued to fixture; and (d) bovine sclera on inflation chamber.

Table 1 Minimum and maximum pressures, loading rates, and rest times for each type of tissue tested

Human skin Human skin
(slow) (fast) Bovine cornea Porcine sclera Bovine sclera

Baseline pressure (kPa) 0.28 0.28 0.21 0.28 0.21
Maximum pressure (kPa) 5.52 5.52 6.21 6.00 4.00
Loading rate (kPa/s) 0.07 0.70 0.06 0.13 0.13
Rest period (min) 15.0 5.0 15.0 15.0 15.0
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4.0 kPa, and 6.0 kPa, each followed by 30-min recovery periods.
Finally, the tissue was subjected to a single load-unload test
identical to the first preconditioning cycle to compare to the three
initial cycles.

2.3 Strain Calculations. The effects of preconditioning are
typically reported for the stress-strain response, but the stress cal-
culation for the inflation specimens is nontrivial, particularly for
the thick skin specimens, where bending cannot be neglected [35].
Similarly, the presence of the compliant optic nerve head creates a
stress concentration in the sclera. Instead, the pressure-strain
response was plotted for all specimens tested. Strains were calcu-
lated directly from the displacement components of a smoothed
DIC displacement field along two material directions. Addition-
ally, strain contours over a larger portion of the surface of the
tissue were computed to compare preconditioning effects at differ-
ent locations.

2.3.1 Skin Tissue Strain Calculations. The method of strain
calculation for skin specimens has been previously reported [32].
Briefly, specimens were positioned so that the X-coordinate was
aligned with the horizontal axis of the body, the Y-coordinate was
aligned with the vertical axis, and the Z-coordinate was the out-
of-plane direction. The components of the displacement field U,
V, and W along the X-, Y-, and Z- directions were extracted at
0.570-mm intervals and then interpolated over a grid of 0.25-mm
spacing.

The inflation of a planar anisotropic tissue, such as skin,
results in an ellipsoidal bulge. The stiffest in-plane direction
of the tissue (the fiber direction) and the least stiff in-plane
direction (the perpendicular direction) were identified from the
ellipsoidal shape of the inflated tissue. The displacement field
was rotated to obtain the displacement components U0 along
the fiber direction X0 and V0 along the perpendicular direction
Y0. The out-of-plane displacement component W was
unchanged. Lagrange strains along both the fiber direction
and the in-plane perpendicular direction were computed by
Eq. (1),

Ef ¼ EX0X0 ¼
@U0

@X0
þ 1

2

@U0

@X0

� �2

þ @V0

@X0

� �2

þ @W

@X0

� �2
" #

Ep ¼ EY0Y0 ¼
@V0

@Y0
þ 1

2

@U0

@Y0

� �2

þ @V0

@Y0

� �2

þ @W

@Y0

� �2
" # (1)

The displacement gradients were calculated by fitting the dis-
placements along the X0 or Y0 axis to a ninth order polynomial and
differentiating analytically.

Strains in both directions were plotted against pressure at a sin-
gle point at the apex of the inflated tissue (Fig. 3). Strain contours
in both the fiber and perpendicular directions were also computed
over the entire specimen.

2.3.2 Ocular Tissue Strain Calculations. The strain calcula-
tion methods for the bovine corneal and scleral tissues have
been previously described [31,33]. Similar methods were used
for the porcine sclera. Briefly, the DIC-measured displace-
ments were interpolated onto a reference grid based on the
initial geometry of the tissue. For the bovine cornea and
sclera, we constructed a 2D polar reference grid centered on
the specimen apex and interpolated the vertical positions and
the three components of the displacement to points on the
grid. The vertical positions were used to transform the polar
grid into a 3D grid. For the porcine posterior sclera, which is
quite smooth and almost spherical in young pig eyes, we
defined a 3D spherical grid based on a spherical fit of the
reference configuration. The DIC-measured displacements were
interpolated to the points of the spherical grid.

For all ocular tissues, stretches in the circumferential, kh, and
meridional directions, ku, were calculated as

kh ¼
lh
Lh

ku ¼
lu
Lu

(2)

where lh and Lh are the deformed and undeformed lengths
calculated between two adjacent grid points in the circumfer-
ential direction and lu and Lu are the deformed and unde-
formed lengths calculated between two adjacent grid points in
the meridional direction. The Lagrangian strains in each direc-
tion, Ehh and Euu, were calculated from the stretches as
follows:

Ehh ¼
1

2
k2

h � 1
� �

Euu ¼
1

2
k2

u � 1
� � (3)

Fig. 2 Schematic of additional loading regime for bovine sclera. After the three
preconditioning cycles prescribed in Table 1, two additional load cycles and three
creep tests were performed prior to a final load-unload cycle identical to the first.
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For the sclera, surface features, such as blood vessels, can
lead to significant variability in local strain measurements. To
mitigate the effect of local strain variability, ocular strains
were averaged over small regions (Fig. 3). The exact area of
the averaging region varied slightly, due to the different
shapes and sizes of the tissue types and species and to avoid
anatomical structures, such as the optic nerve head (ONH).
For the bovine cornea and sclera, averaging was performed
over quadrants and half-circles, respectively. A larger averag-
ing region was used for the bovine sclera as features inherent
to the tissue, in particular its blue coloration and apparent
vessels, contributed to a locally elevated level of noise. The
bovine cornea quadrant was 4 mm wide and located 4 mm
from the apex, while the bovine sclera half-circle was 5 mm
wide and located 1 mm from the apex (Fig. 3). For the por-
cine sclera, strains were averaged over a quadrant 2.34 mm
wide and located 2 mm away from the ONH. These average
strains were plotted against pressure to assess the effects of
the preconditioning cycles on the mechanical response. Strain
contours were also plotted for the entire circular region at the
maximum pressure of the first and final load cycle for skin
tissues to assess local changes between cycles over a larger
area. Strain contours were plotted for an annular region for
scleral tissues to avoid the ONH and for corneal tissues
because the radial grid used to calculate strains leads to an
infinitely dense grid at the center of the specimen.

2.3.3 Strain Error and Validation. Strain calculations were
subject to variability arising from DIC displacement measure-
ment errors as well as numerical errors evaluating the deriva-
tives of the displacement fields. To evaluate the effects of
these errors on the calculated strains, we performed a numeri-
cal experiment starting with a sphere of known radius. Based
on a previous study, an applied displacement of 200 lm can
result in a DIC measurement of 195 6 12 lm [31]. We
applied a Gaussian distribution corresponding to this DIC
measurement randomly over the surface of a 12.5-mm-radius
sphere to simulate a typical ocular tissue inflation test. The
exact same strain analysis and grid size were used as in the
experiments for porcine sclera. The average and standard
deviation of the strain field over the surface of the sphere
was 1.61 6 0.071% in the meridional direction and
1.59 6 0.056% in the circumferential direction, nearly equiva-
lent to the 1.61% uniform theoretical strain. These values
were computed for an idealized case and likely represent a
lower bound on the true resolution of the system. More work
is needed to measure and validate the 3D-DIC strain resolu-
tion for soft tissues. Contour plots of the meridional and cir-
cumferential strains over the area defined for the porcine
sclera in Sec. 2.3.2 can be found in Fig. 10 in the Appendix.

3 Results

The results for three representative skin specimens and three
representative ocular tissues (one bovine cornea, one porcine
sclera, and one bovine sclera) are presented in this work. We pres-
ent pressure-strain data at a single point (skin) or averaged over a
small region (ocular tissues) for two in-plane material directions
(fiber and perpendicular for skin and meridional and circumferen-
tial for ocular tissues). We also present strain contours over a
larger region of the tissue for comparison between the first and
last preconditioning cycle. For ocular tissue, strain contours are
presented for the circumferential direction only in the main body
of the text. Contours for the meridional strains can be found in the
Appendix.

3.1 Human Skin. The three human skin specimens tested are
identified by sex/age. Figure 4 plots the pressure-strain response
in both the fiber and perpendicular directions for two specimens at
the slow 0.070-kPa/s loading rate with 15-min recovery time.
Figure 5 plots the pressure-strain response for the same two speci-
mens for the fast 0.70-kPa/s loading rate with 5-min recovery
time. The differences in the maximum strain between each subse-
quent cycle were small, less than 2% of the total applied strain for
14 of the 16 comparisons, and random. Both positive and negative
differences were calculated between successive cycles. The differ-
ences between cycles as a percent of the total strain for all sam-
ples and strain rates are listed in Table 2. Some of this small
variability in strains could be attributed to the accuracy of the DIC
displacement measurements and of the pressure transducer. We
have also previously reported that strains calculated at a single
point for human skin tissue can vary by up to 1.6% strain over a
range of 6 1 mm of the apex [32].

Complete strain recovery was achieved during each cycle for
both the (M/43) and (M/61) specimens. A slight decrease in hys-
teresis was noted between the first and second load cycle for the
fiber direction for the (M/43) sample only. Figure 6 shows a con-
tour plot of the strains in both the fiber and perpendicular direc-
tions for the (M/61) specimen, comparing the maximum pressure
of the first and third cycle at 0.07 kPa/s. The strain contours are
nearly identical between the two cycles. Finally, Fig. 7 plots the
pressure-strain response for a third specimen (M/83) subjected to
five successive load-unload cycles not separated by a recovery pe-
riod. The resulting dramatic rightward shift of the strain response
compared to the results in Fig. 4 was caused by viscoelastic
effects.

3.2 Bovine Cornea. Figure 8(a) plots the pressure-strain
response for both the meridional and circumferential directions

Fig. 3 Schematic of top view of specimens, showing points or regions where
strains were reported. Strains were reported for a single point at the apex for
human skin tissue. Average strains over a region were reported for ocular tissue to
minimize the effects of noise. Strain contours are also reported over the entire sur-
face for skin tissues and all quadrants for ocular tissues.

Journal of Biomechanical Engineering NOVEMBER 2013, Vol. 135 / 114502-5



for the bovine cornea. Reflections from the shiny wet surface of
the bovine cornea affected the quality of the images and the DIC
correlation, contributing to the noise in the pressure-strain curves.
However, negligible differences in the loading and unloading
curves were observed between the three cycles. In addition, full
recovery was achieved upon unloading. The differences in the
peak strains between each cycle were small: the percent differen-
ces in the meridional and circumferential strains between the first
and second cycle were 0.7% and 1.0% of the strains at the maxi-
mum pressure and the percent differences in the meridional and
circumferential strains between the second and third cycle were
0.3% and 1.0% of the strains at the maximum pressure. These dif-
ferences are negligible compared to those obtained by Boyce et al.
[16] for uniaxial tension tests of the bovine cornea, where the dif-
ference in the peak strains before and after preconditioning was
47% of the total applied strain (Fig. 12 in the Appendix). This
large preconditioning effect reported by Boyce et al. was obtained
even though the specimen was allowed to recover for an extended
period of time at baseline at the end of the preconditioning
protocol.

Figure 9(a) shows the contours of the circumferential strain at
the maximum pressure of the first load and the final load for a

4-mm-wide annulus located 4 mm from the apex. While the ma-
jority of the plotted area shows good agreement, we observed a
slight stiffening between the first and the third cycles that was
likely caused by a loss of hydration during the time of testing. Pre-
vious studies by Boyce et al. [34] (Fig. 10) showed that, when a
proper humidity level was maintained during inflation testing, the
pressure-displacement response was nearly identical between each
loading cycle. The meridional strain contours, found in Fig. 11(a)
in the Appendix, showed the same trend.

3.3 Porcine Sclera. Figure 8(b) plots the pressure-strain
relationship in both the meridional and circumferential directions
for three preconditioning cycles for the porcine sclera. As
reported for the bovine cornea, little difference was observed in
the loading or unloading curves between the cycles. Moreover,
both strain directions exhibited complete recovery within experi-
mental error. The differences in peak strains between loading
cycles were random and small: the percent differences in the me-
ridional and circumferential strain between the first and second
cycles were 0.80% and �0.38% of the strains at the maximum
pressure and the percent differences between the second and

Fig. 4 Pressure-strain response for two human skin specimens tested at a slower rate of 0.07 kPa/s with 15-min recovery peri-
ods: (a) M/43 - fiber direction; (b) M/43 - perpendicular direction; (c) M/61 - fiber direction; (d) M/61 - perpendicular direction
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third cycle were �0.16% and �0.19% of the strains at the maxi-
mum pressure.

Figure 9(b) shows the contours of the circumferential strain at
both the maximum pressure of the first load and the final load for
a 2.34-mm-wide annulus located 2 mm away from the apex. Strain
contours at the maximum pressure were similar between the first
and final cycle of the loading regimen, demonstrating repeatability

of the surface strain field. The meridional strain contours, found in
Fig. 11(b) in the Appendix, supported the same conclusions.

3.4 Bovine Sclera. Figure 8(c) plots the pressure-strain rela-
tionship in both the meridional and circumferential directions
for the first three preconditioning cycles and the final load-

Fig. 5 Pressure-strain response for two human skin specimens tested at tenfold faster loading rate of 0.70 kPa/s with 5-min
recovery periods: (a) M/43 - fiber direction; (b) M/43 - perpendicular direction; (c) M/61 - fiber direction; (d) M/61 - perpendicular
direction

Table 2 Difference in maximum strain between adjacent cycles as a percentage of the total strain for all human skin data plotted
in Figures 4 and 5

0.07 kPa/s 0.70 kPa/s

Specimen Compared cycles Fiber Perpendicular Fiber Perpendicular

M/43 Cycle 1 and cycle 2 –0.92% 0.17% 0.95% 0.49%
Cycle 2 and cycle 3 1.11% 2.23% –0.41% 4.80%

M/61 Cycle 1 and cycle 2 0.53% 1.20% 0.00% 0.46%
Cycle 2 and cycle 3 –0.27% 0.36% 0.08% –0.57%
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unload cycle of the bovine sclera loading protocol after 4 h of
testing (Fig. 2). No significant softening/stiffening effect or
change in the hysteresis was observed, and the final load cycle
was nearly identical to the first load-unload cycle. The differ-
ences in peak strains between cycles were small: the percent
differences in the meridional and circumferential strains
between the first and second cycle were �0.23% and �1.15%
of the strains at the maximum pressure and the percent differ-
ences in the meridional and circumferential strains between the
second and third cycle were �0.69% and �0.98% of the
strains at the maximum pressure. The percent difference in the
meridional and circumferential strains between the first and
final cycle after 4 h of additional testing were 1.83% and
�2.35% of the strains at the maximum pressure. This demon-
strates that the pressure-strain response was repeatable after 4
h of testing, during which load-unload cycles at two different
pressure rates and ramp-hold tests at three different pressures
were performed. The specimens exhibit complete recovery after
each load cycle.

Figure 9(c) shows the circumferential strain contours at the
maximum pressure of the first and final loading cycle over a
5-mm-wide annulus located 1 mm from the apex. Strain contours
at the maximum pressure were similar between the first cycle
and final cycle of the loading regimen, demonstrating repeatabil-
ity of the surface strain field. The meridional strain contours,
found in Fig. 11(c) in the Appendix, supported the same conclu-
sions. The difference in the local value of the strain could be
large in some areas, particularly in the lower left quadrant of
Fig. 9(b). This is probably due to a degradation of the speckling
pattern caused by the high humidity level maintained during the
time of testing or the presence of anatomic features, such as
veins.

4 Discussion

We have shown that the mechanical response of bovine cornea,
porcine sclera, bovine sclera, and human skin tissue measured by

Fig. 6 Contours of the strain in the fiber and perpendicular directions at the maximum pressure of the first and final cycle for
the (M/61) human skin specimen tested at the slower 0.07 kPa/s loading rate with 15-min recovery periods. The mean and stand-
ard deviation of the strains across the entire contour are reported above each figure.
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inflation tests exhibited minimal preconditioning effects compared
to the mechanical response of the same tissues measured by uni-
axial and biaxial tests [3,15–17]. Nearly the same peak strain was
achieved for each load cycle, no shifting was seen between load
cycles, and the specimens achieved complete strain recovery. The
differences observed in the peak strain between loading cycles for
all tissue specimens were small, less than 2% of the total strain for
all but 3 of the 26 loading cycles, and were random. Both positive
and negative differences in the peak strain were calculated
between successive cycles, and the differences did not, in general,
evolve systematically with the number of cycles. The small differ-
ences measured in the inflation response were substantially lower
than the 47% difference generated by the preconditioning protocol
for uniaxial tension testing of bovine cornea, as reported by Boyce
et al. [16]. The small variations observed can be attributed to ex-
perimental and numerical noise, particularly for the skin strain
data, which was calculated at a single point and has been reported
to vary by up to 1.6% over a range of 61 mm [32]. Variability
could also have arisen from experimental conditions, such as loss
of hydration, particularly for the bovine cornea, which was not
tested inside a humidity chamber and was only hydrated by the
inflation fluid. These results were not found to depend on loading
rate or loading history. Moreover, strain contours calculated at the
maximum pressure for the first and last load cycles showed that
repeatability was achieved not just at one point or on average
over a region but over larger areas of the specimen surface. The
repeatable results were obtained for loading regimens that
included a rest period between each loading cycle to achieve
complete viscoelastic strain recovery. We further illustrated
that, if the recovery periods were not allowed, the viscoelastic
response of the tissue produced the characteristic rightward shift
of the pressure-strain response commonly attributed to precondi-
tioning. Previous inflation testing of bovine cornea [34] and
mouse carotid artery by Ning et al. [36] also showed only small
differences in the pressure-displacement response after repeated
loading. The latter subjected the mouse carotid artery to four pres-
sure cycles.

Preconditioning protocols are commonly used to obtain a
repeatable mechanical response in uniaxial and biaxial strip
tests but can be time-consuming and restrictive. The precondi-
tioning effects are often sensitive to many factors, including
strain rate, strain levels, strain history, and the applied strain

state [7,15,22]; thus, achieving repeatable results for a particu-
lar loading regimen requires custom preconditioning protocols
and multiple rounds of preconditioning to measure the mechani-
cal response to different strain rates and strain states. The ob-
servation that preconditioning effects arise from load-induced
changes in the tissue fiber structure [2,26] indicates that the me-
chanical properties measured may not be representative of the
native tissue. Some authors avoid the preconditioning effects by
only using data from the first loading curve [6], but this is not
feasible if multiple tests need to be carried out on the same tis-
sue. Other authors model the structural change of precondition-
ing as an unrecoverable deformation [23] in order to back out
in vivo properties; however, this can be computationally inten-
sive and inefficient. If the effects of preconditioning could be
avoided all together, testing procedures and analyses could be
greatly simplified.

We propose that our inflation test protocol produces negligi-
ble load-induced changes to the deformation response because
it avoids three possible mechanisms associated with precondi-
tioning: viscoelastic effects, fiber rearrangement with loading,
and microstructural damage to the tissue. The inclusion of
recovery periods after each load-unload cycle to allow complete
recovery of the specimens eliminates viscoelastic memory
effects. If these recovery periods are not included, the tissue
will viscoelastically lengthen to produce the commonly
observed rightward shift of the load-elongation curves. We
demonstrated the effect of viscoelasticity here for cyclic load-
ing of skin tissue. This is in contrast to previous works on uni-
axial tests [2,22,24], where even though recovery periods are
allowed, shifting is still observed as the gauge length of the tis-
sue progressively increases with loading cycles [23]. These
results suggest that there is a permanent change induced in the
tissue by cyclic uniaxial loading that is not encountered in our
inflation testing protocol.

We speculate that the permanent deformation incurred during
preconditioning is caused either by a reorientation of fibers along
the loading direction or damage to the fibers and matrix constitu-
ents of the extracellular matrix of the tissue (e.g., the breaking of
collagen cross-links). Optical studies by Tower et al. [26] and
Quinn and Winkelstein [27] of a tissue simulant under uniaxial
loading showed that the fibers reoriented along the loading direc-
tion with repeated cycles, eventually reaching an equilibrium

Fig. 7 Pressure-strain response for a skin specimen (M/83) subjected to pressure cycles at 0.07 kPa/s without intervening
recovery periods, measured for the fiber and perpendicular directions
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“preconditioned” state. Moreover, the changes to the fiber struc-
ture persisted after the load was removed. For the inflation tests,
the specimen boundary is fully glued to the holder, and this likely
limits the reorientation of the long collagen fibers during testing.
Furthermore, the applied pressure is limited to a physiological
range to prevent damage to the tissue structure. Our results sug-
gest that mechanical tests of soft tissues can be designed to limit
the effects of preconditioning, and it is likely that other tests could
be devised based on the same principles to avoid evolving me-
chanical behavior with loading. Further testing is required to con-
firm if these results can be general for inflation testing of other
planar tissues characterized by long fibers oriented parallel to the
surface of the tissue.

The results presented in this paper were obtained using our
previously published implementations of 3D-DIC [31–33].

Digital image correlation has become widely used to measure
displacements and strains of soft tissues, and a number of
authors have calculated the accuracy and resolution of 3D-
DIC displacements [37–41] and strains [40,42,43] using meth-
ods similar to those described here. For example, Sutton
et al. [42] reported a standard deviation of 0.03%–0.08%
strain for a 3D translation of a cylinder. Our estimate of
0.07% strain resolution is in agreement with these previous
studies. However, more work is needed to measure and vali-
date the resolution of 3D-DIC strain measurements in tissues.
This is not critical for the conclusions drawn in our present
study, because they are dependent on strain comparisons
rather than absolute values of strains. We observed repeatable
strain measurements between cycles for both skin and ocular
tissues, despite the fact that strain levels for skin were up to

Fig. 8 Pressure-strain response computed over an averaged region in the meridio-
nal and circumferential directions for three successive cycles for (a) bovine cornea,
(b) porcine sclera, and (c) bovine sclera. The bovine sclera plot in (c) included a
final cycle after 4 hours of additional testing, including two creep tests and a slow
load-unload test.
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Fig. 9 Contour plots of the circumferential strains at the maximum pressure of the first and final pres-
sure cycles for (a) bovine cornea, (b) porcine sclera, and (c) bovine sclera. The bovine sclera plot in (c)
included a final cycle after 4 hours of additional testing, including two creep tests and a slow load-unload
test. The mean and standard deviation of the strains across the entire contour are reported above each
figure.
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ten times higher than for ocular tissues. Moreover, we
obtained cycle-to-cycle repeatability for a wide range of pres-
sure levels and strain rates. Any preconditioning-associated
shift that was too small to be resolved by our system would
still be negligible compared to the shifts observed for uniaxial
and biaxial tests. The consistency of the conclusions between
tissue type, species, and strain rate indicates that our results
are insensitive to resolution limitations.

Our conclusions are tempered by several limitations. We
have thus far demonstrated negligible preconditioning effects
for a limited number of tissues. All tissues tested in this
work have in common a 2D in-plane network of long
fibers; fully fixing the boundaries may not have the same
effect for tissues comprised of shorter or out-of-plane fibers,
such as cardiac tissue. Poroelastic tissues, such as cartilage,
may also have a different response than tissues dominated
by a viscoelastic ECM network. DIC displacement uncer-
tainty and numerical differentiation of the displacements
contribute to uncertainty in the strain calculation. To avoid
noisy pressure-strain curves for ocular tissues, we averaged
the strain over a small region instead of plotting point-wise
strain, as we did for skin tissues. However, strains com-
puted at a single point still did not show preconditioning,
only a higher level of noise. We also did not carry out
any imaging studies to confirm the lack of fiber rearrange-
ment or damage to the tissue after repeated loading, leaving
this for future studies.

5 Conclusions

We have shown that the inflation responses of bovine cor-
nea, porcine sclera, bovine sclera, and human skin exhibit
negligible preconditioning effects compared to those observed
for the same tissues in uniaxial and biaxial tension tests
[3,15–17]. These results suggest that preconditioning effects
can be avoided for certain tissues by experimental design.
The inflation test methods presented minimized the effects of
preconditioning by (i) allowing adequate recovery time
between cycles, (ii) fully fixing the boundary of the tissue
to prevent fiber rearrangements, and (iii) limiting the applied
loading to physiological levels to prevent microstructural
damage to the tissue. These results are likely limited to pla-

nar tissues with long fibers parallel to the tissue surface but
may be extended to planar tissues other than those tested
here to allow for more accurate, repeatable measurements of
mechanical properties. The findings of this work may help
to guide the design of other experimental systems to mini-
mize the effect of preconditioning on the mechanical
response of soft tissues.
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Appendix

Figure 10 plots the meridional and circumferential strain con-
tours for the numerical inflation of a 12.5-mm-radius sphere with
added noise representative of DIC uncertainty. Based on previous
work, an applied displacement of 200 lm can correspond to a DIC
measurement of 195 6 12 lm [31]. Applying a Gaussian distribu-
tion corresponding to this DIC measurement results in a strain
field of 1.61 6 0.071% for the meridional direction and
1.59 6 0.056% for the circumferential direction, which is nearly
equivalent to the 1.61% theoretical strain for a 200 -lm radial
displacement.

Figure 11 plots contours for the meridional strain at the
peak pressure of the first and last load-unload cycle for all
ocular tissues tested. As seen for the circumferential direc-
tion in Secs. 3.2–3.4, the surface strain field is repeatable
between the first and final load cycles, further supporting
that the tissues do not exhibit a change in deformation with
preconditioning.

Figure 12 plots stress-strain curves for the first and final precon-
ditioning cycle for a uniaxial test on bovine cornea published by
Boyce et al. [16]. The difference in peak strain before and after
preconditioning was 47%, much higher than the 1% difference
reported in this paper for inflation tests of the same tissue. This
supports that the small differences between cycles reported in this
work are negligible compared to what is typically observed for
uniaxial preconditioning.

Fig. 10 Propagation of DIC uncertainty into strain calculation uncertainty for an idealized numerical sphere: (a) meridional and
(b) circumferential strains over a 12.5-mm sphere subjected to a 200 -lm radial inflation with DIC uncertainty (described as a
Gaussian distribution of displacements, 195 6 12 lm, based on previous work [31]). The resulting strain variation of
1.61 6 0.071 % for the meridional direction and 1.59 6 0.056 % for the circumferential direction is nearly equivalent to the 1.61 %
theoretical uniform strain.
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Fig. 11 Contour plots of the meridional strains at the maximum pressure of the first and final pressure
cycles for (a) bovine cornea, (b) porcine sclera, and (c) bovine sclera. The bovine sclera plot in (c)
included a final cycle after 4 hours of additional testing, including two creep tests and a slow load-unload
test. The mean and standard deviation of the strains across the entire contour are reported above each
figure.
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Fig. 12 Uniaxial stress-strain curves measured for bovine cor-
nea comparing the response from the loading portion of the
first pressure cycle (–) of the preconditioning protocol and from
the loading portion of a pressure cycle after preconditioning (-).
Results show a large stiffening effect associated with precondi-
tioning. The specimen was allowed to rest at the baseline pres-
sure for an extended period of time after the preconditioning.
Adapted from Fig. 7 of Boyce et al. [16].
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