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Uniaxial ring test is a widely used mechanical characterization method for a variety of materials, from
industrial elastomers to biological materials. Here we show that the combination of local material
compression, bending, and stretching during uniaxial ring test results in a geometry-dependent
deformation profile that can introduce systematic errors in the extraction of mechanical parameters.
We identify the stress and strain regimes under which stretching dominates and develop a simple
image-based analysis approach that eliminates these systematic errors. We rigorously test this approach
computationally and experimentally, and demonstrate that we can accurately estimate the sample

Received 16th November 2018, mechanical properties for a wide range of ring geometries. As a proof of concept for its application, we

Accepted 15th March 2019 use the approach to analyze explanted rat vascular tissues and find a clear temporal change in the
DOI: 10.1039/c8sm02343¢ mechanical properties of these explants after graft implantation. The image-based approach can

therefore offer a straightforward, versatile, and accurate method for mechanically characterizing new
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1 Introduction

Mechanical characterization of ring-shaped materials tradition-
ally employ uniaxial ring test, where the specimen is mounted
between two arms and subjected to extension through a pre-
scribed movement of the arms. The distance between the arms
and the force required to apply the arm movement are recorded
and used to calculate the material properties. The simplicity of
the method makes it attractive for the characterization of a
wide range of materials, ranging from ring-shaped hydrogels®
to food products.” Indeed, the uniaxial ring test is the official
standard for tensile testing of elastomers (ASTM D 1414)°
established for use by the O-ring industry.*

More recently, uniaxial ring test has also found a large
application area in the mechanical characterization of bio-
logical tissues and biomaterials. In particular, uniaxial ring
test has been increasingly shown to be the method of choice
for the assessment of mechanical properties of blood vessels
and blood vessel substitutes, due to its ability to mimic the
physiological loading in the circumferential direction.””” Moreover,
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classes of soft and biological materials.

uniaxial ring test allows mechanical characterization of small
and delicate vascular specimens, for which other testing
methods such as uniaxial tensile test of cut-out sample strips
and biaxial test of planar samples are unfeasible or can intro-
duce undesired measurement artifacts.* ™" As such, biomedical
researchers have started to explore the usefulness of uniaxial
ring test for the mechanical measurement of small blood
vessels,'” vascular grafts,'»"® tissue-engineered vascular
constructs,'*'®> and even arterial tissues.” Such mechanical
assessments are important not only for improving the design
of vascular constructs and developing mathematical models,"®"”
but also for understanding and diagnosing various vascular
diseases."®"

One key challenge that commonly arises in the uniaxial ring
test is the extraction of useful material parameters from the raw
measurement data. A typical approach is by fitting the force vs.
arm distance (or pin displacement) data to a linear function,
from which the Young’s modulus of the material is inferred.
However, in a uniaxial ring test, the initial force response recorded
on the pins contains a mixed contribution from bending and
stretching forces, as the ring is deformed to a straight shape.
Furthermore, as we shall show in this article, during this initial
bending stage, pin displacements are not a suitable measurement
metric for material stretches. These effects make accurate and
reliable material parameters estimation from force-displacement
curves a challenge.
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We propose that there exists a stretch regime under which
the bending and stretching contributions can be sufficiently
separated, so that the material properties can be accurately
estimated from a uniaxial ring test without using inverse
analysis. This knowledge will greatly expand the use of the
uniaxial ring test method for the characterizations of new
classes of materials, especially when the material behavior is
not a priori known, for example in the context of soft hydrogels
and biological materials.

In this work, we demonstrate that deformation above a
certain critical stretch in uniaxial ring tests is effectively domi-
nated by stretching, thereby allowing accurate estimation of
material mechanical stiffness. We further propose a simple
image-based approach that both exploits this idea and circum-
vents the current problem with stretch estimation from pin
displacement. We validate our approach computationally and
experimentally through a direct comparison with uniaxial tensile
testing measurements, and quantify how various parameters such
as ring geometry can affect the analysis and outcomes. Finally, we
show a proof of concept where we apply the method to charac-
terize the temporal change in the mechanical properties as a
result of tissue formation and scaffold degradation in explants
from aortic interposition grafts in rats.

2 Materials and methods

In a uniaxial ring test, a ring-shaped specimen is stretched by
two pins that move in opposite directions. We first assess the
merit of our approach numerically and investigate how experi-
mental parameters affect the extraction of the sample stiffness
Eiing. We then propose an image-based tracking algorithm to
estimate sample stretch in uniaxial ring experiments and we
compare our estimate of E,, against the Young’s modulus that
we measured in uniaxial tensile tests on the same material.

2.1 Computational method

2.1.1 Finite element model. The samples are modeled as
rings with an initial inner radius R, thickness ¢, and height £,
whereas the pin is modeled as a cylindrical rigid surface with a
radius r (Fig. 1A). Frictionless contact is prescribed between
the pin and the inside of the ring, and the ring is stretched in
100 increments by displacement of the ring in the positive
x-direction for a total displacement of R. Thanks to symmetry,
only one eighth of the ring is necessary to be simulated: half the
height of a quadrant of the complete ring (Fig. 1A). Symmetrical
boundary conditions are prescribed for the ring for the cross
section in the yz-plane, the cross section in the xz-plane (at the
pin), and the xy-plane at the bottom of the mesh (i.e., symmetry
over the height).

All finite element (FE) simulations were performed with
Simulia Abaqus 6.14-1 (Dassault Systemes Simulia Corp.,
Providence, RI, USA). The ring is meshed with 20-node quadratic
brick elements (C3D20RH) that are kept approximately equal
in size (determined with initial mesh convergence tests) for
all simulations. We use an isotropic compressible Neo-Hookean
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Fig. 1 Computational model. Geometry of the ring (A) before and (B) after
the simulated uniaxial ring test. (C) Contour plot of the strains in the
x-direction as a function of the radial distance in the ring (i.e., across the
ring thickness t) and pin displacement Ax. The dashed line indicates
the point of maximum compression.

material model for the ring with strain energy potential function:

U= %(112 + 122 + 7»32 — 3) + %(J — 1)2 (1)

with p, the shear modulus, 7; = J _%;Lf the deviatoric principal
stretches, J the determinant of the deformation gradient tensor F,
and k, the compression modulus. The shear modulus p, and
compression modulus k, are derived from the Young’s modulus E
and Poisson’s ratio v as:

Ho = ﬁ )
= ®)

The following read-outs are recorded: the reaction force in
x-direction on the pin, the initial coordinates and displacements
of the nodes on the outer perimeter of the ring in the xy-symmetry
plane (ie., bottom of the mesh) and of the highest node in the
yz-symmetry plane of the ring, and the strains in x-direction for
the nodes in the yz-symmetry plane of the ring. These read-outs
are post-processed with Matlab (R2015a, the Mathworks,
Matick, MA, USA).

We calculate the stress oy, for the ring in each displace-
ment increment using o.ne = F/A, where F is the reaction force
on the pin. A is the cross-sectional area of the ring in the
yz-symmetry plane, as obtained from the coordinates and dis-
placements of the highest node on the outer perimeter and those
of the opposite node in the inner perimeter of the ring.

Because of sample bending during the uniaxial ring test,
pin displacement is not suitable for the assessment of ring
stretches. Instead, we use the stretch of the outer perimeter of
the ring Aop, calculated for each increment in the simulation, as
a measurement metric of ring stretch. We further propose that
at sufficiently large pin displacements, sample deformation is
dominated by stretching. Therefore, we anticipate that: (1) Lop

This journal is © The Royal Society of Chemistry 2019
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becomes linear in pin displacements; and (2) stresses in the
ring become linear in Aop (in the symmetry plane between the
pins). Following these premises, we estimate the Young’s
modulus of the ring that is being tested, Eyjng, as:

Ao'ring
Eiing = 4
g A )~OP ( )

In practice, the initial bending also results in compressive
strains in the yz-symmetry plane of the ring. We use the strains
in x-direction over this plane to find the point of maximum
compression: A.. For Alop > A4, all the strains over this cross
section monotonically increase in the simulations (Fig. 1C,
dashed line). We then estimate iz with Alop = 2.5%, starting
at 1, + 2.5%:

Gring()bi + 5%) — O'rmg()vi + 2.5%) (5)
2.5%

Ering =

2.1.2 Sensitivity analysis. Experimental parameters, such
as the ring geometry, Poisson’s ratio, as well as the pin radius,
can affect the bending modes and therefore the accuracy of
the extraction of material parameters in a uniaxial ring test.
To investigate this effect, we performed a sensitivity analysis
by running 100 simulations of ring deformations. For each
simulation, we pulled random variables from a uniform dis-
tribution of the parameter space, with the geometry of the ring
and the pin, and the mechanical properties of the ring as
experimental variables (Table 1). Specifically, we explored the
effects of the inner radius of the ring R, the height of the ring 4,
the thickness of the ring ¢, the pin radius r, the ring’s stiffness £
and the ring’s Poisson’s ratio v. From these 100 simulations,
we calculate 2, and Eyne (eqn (5)).

We investigate the effects of the explored parameters on
/+ and Ey,g with a multiple linear regression model. Buckingham
n theorem was used to define a nondimensional equation by
constructing the following dimensionless groups out of the
dimensioned variables:

E t h r ©)
= ;D M =— M= My =—
1 Ering’ 2 R7 3 R: 4 R7
giving us the following regression model:
y=ay +ayn, + azng + am, + asv + error (7)

with y = 14 or y = m;. We report the coefficients, their 95%
confidence intervals, the fraction of the variation that is explained
by the parameter (the associated sum of squares divided by the
total sum of squares), and the associated p-values.

Table 1 Overview of tested parameter space in the sensitivity analysis

Symbol Property Unit Parameter space
R Inner ring radius mm [0.5-2.5]

h/R Ring height to radius — [0.2-4.0]

t/R Ring thickness to radius — [0-1]

/R Pin radius to radius — [0.1-0.9]

E Young’s modulus MPa [0.1-5.1]

v Poisson’s ratio — [0-0.475]

This journal is © The Royal Society of Chemistry 2019
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Table 2 Geometrical properties of the rings in the experimental validation
(mean + std, n = 3)

Group h (mm) R (mm) t (mm) tR (—)

1 0.69 + 0.00 0.92 + 0.01 0.48 + 0.02 0.52 + 0.02
2 0.68 £ 0.00 0.97 £ 0.01 0.29 £ 0.03 0.30 £ 0.03
3 0.67 + 0.01 1.43 £ 0.01 0.27 + 0.03 0.19 £+ 0.02

2.2 Experimental method

2.2.1 Mechanical tests. Uniaxial ring tests were performed
in a modified biaxial tensile tester setup (CellScale Biomaterial
Testing, Waterloo, Canada), equipped with a 5000 mN load cell.
To test for the validity of the proposed approach, ring shaped
samples with various geometries were punched from a rubber
flap (thickness ~ 700 pm) and subjected to the tensile test.
Prior to mounting, the height #, radius R, and thickness ¢ of the
rings were measured at multiple locations with a digital micro-
scope (Keyence VHX-500FE, Table 2). The rings were mounted
onto the tensile tester using two stainless steel pins (§ ~250 pm)
that were fixed in the testing device with magnets (Fig. 4A). The
rings were deformed at 10 mm min " crosshead speed until
failure, and the associated forces and displacements were
recorded at a frequency of 5 Hz. The stretch Aop was defined as
the outer perimeter length normalized to initial outer perimeter
length, calculated via image analysis (see Section 2.2.2). Assuming
isotropic material properties, the estimated ring stress was
derived from the force and displacement measurements:

Gimg = =T (8)
T A

with the transverse stretch, A, calculated via:
Ae=1— flop — 1) )

The Poisson’s ratio was calculated from the uniaxial tensile
testing data, and set at v = 0.41. With oj,s and iop, we use
eqn (5) to estimate Eyjng.

To compare the uniaxial ring test results against traditional
uniaxial tensile data, dogbone shaped samples (n = 4) from the
same material were uniaxially stretched in the biaxial tensile
tester at the same crosshead speed of 10 mm min . Before
mounting the sample, graphite particles were applied onto the
surface facilitating optical strain analysis by digital image
correlation (using LabJoy software, Fig. 4B). Assuming isotropic
material properties, the Poisson’s ratio was derived from the
slopes of the longitudinal and transverse stretch, up to a
longitudinal stretch of 1.2 (eqn (9)). Similar to the ring tests,
we calculate the ratio between ¢ and 1 over a 2.5% stretch
range, starting at 4 = 2.5%:

£ o(%=5%) — (A =2.5%)
- 2.5%

(10)

2.2.2 Displacement tracking. To obtain the ring stretch
in a robust manner, we developed an image-based tracking
algorithm that computes the outer perimeter length of the ring
(in pixels), allowing the user to calculate the outer perimeter
stretch Aop. To minimize analysis artifacts arising from sample
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and image irregularities, the outer perimeter length is obtained
based on the circumference of a super ellipse that is fitted
through a set of 20 points on this outer perimeter.

In short, the image is converted into a binary image with
sample coordinates (X, Y). For the image of the undeformed
samples, this set of coordinates is fitted with an ellipse to
calculate the center of mass (i.e. xo, ¥o), the major and minor
axes a and b, and the orientation ¢. However, at larger
stretches, an ellipse cannot accurately describe the outline of
the sample. Therefore, a shape parameter n is introduced,
which transforms the ellipse into a super ellipse. We use the
fit of the ordinary ellipse as an initial guess for this super
ellipse. The parameters x,, y, and ¢ are fixed, and with those we
fit the parametric form of the super ellipse:

x(f) = |cos t/¥" - a - sgn(cos 1)

}0< t<2n (11)

y(t) = |sin¢|*" - b - sgn(cos 1)

where a and b denote the major and minor axes. For n = 2, the
curve reduces to an ordinary ellipse.

We select a number of points on the outer perimeter of (X,Y)
and compare their distance to the center of mass with the
distance of the estimated super ellipse to the center of mass.
With the fminsearch function in Matlab, we minimize the
root-mean-square (RMS) of the differences in distances between
the sample points and the corresponding super ellipse points.
Using this approach, any number of data points can be gene-
rated and used to calculate the RMS. Here, ¢ is discretized into
20 points between 0 and 2=, resulting in excellent shape-fitting
results (Fig. 2B).

This algorithm, schematically depicted in Fig. 24, is imple-
mented in Matlab and is made freely accessible via https://
gitlab.tue.nl/stem/orlab.

2.3 Measurements of ex vivo biological samples

As a proof of concept, explants from aortic interposition grafts
in rats were subjected to the uniaxial ring test to characterize
the temporal change in mechanical properties as a result of
de novo tissue formation and scaffold degradation. Briefly, the
vascular scaffolds (2 mm inner diameter, 280 pm thickness, 5 pm
fibers) were prepared from supramolecular polycaprolactone-based
elastomeric polymers®® using electrospinning. The extremities were
shielded by an impenetrable Gore-Tex strip to prevent anastomotic
ingrowth. The Gore-Tex shielded scaffolds were then implanted as
abdominal aorta interposition grafts in rats for up to 3 months.
All animal experiments were reviewed and approved by the
Institutional Animal Care and Use Committee of the University
of Utrecht, The Netherlands, and conform to the guidelines for
the use of laboratory animals as formulated by the Dutch Law on
animal experimentation. For a detailed description of the in vivo
study, the reader is referred to Bonito*' At selected time points, ring-
shaped explants were harvested, snap-frozen in liquid nitrogen, and
stored at —80 °C until analysis. All mechanical tests were performed
in a phosphate-buffered saline bath at 37 °C and analyzed according
to the method presented in Section 2.2.
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Fig. 2 Image-based estimation of /op. (A) Schematic of displacement

tracking algorithm. (B) Example of optimization result with the initial ellipse
fit (dashed red), and the final super ellipse fit to the perimeter (green) for an
undeformed (top) and deformed (bottom) sample. The sample contours
are shown in gray.

3 Results

3.1 Simulations of uniaxial ring test

We first tested our assumption that for large pins displace-
ments Jop indeed becomes linear with pin displacements Ax
(Fig. 3A); and that the estimate of ring tensile stress oin, from
pin reaction forces and ring cross sectional area becomes linear
with Zop (Fig. 3B, blue). This validates our use of lop and oj,g in
the analysis. Note that the pin reaction force itself (uncorrected
for area changes) does not necessarily become linear in Aop
(Fig. 3B, red). The strain contour plots show that, due to
bending of the ring shape during uniaxial ring test, the material
undergoes local compression and tension (Fig. 1B and C).
However, at large pin displacements, tensile strains become
linear over the entire cross section of the ring.

We next asked whether the point of maximum compression
is influenced by the geometry of the ring samples and the pin,
as well as the Poisson’s ratio of the sample. To rigorously test
this, we run a large number of simulations with varying
experimental parameters and statistically analyzed the results
using a multiple linear regression model to find the key
parameters that sensitively affect the deformation mode. For

the point of maximum compression in the simulations we find:
t h r
A+ =1.005 + 0'048E + O.OOOE —0.01 1E +0.013v + error

(12)

Ring height & does not affect 4., as demonstrated by the near-
zero coefficient and the associated variation and the large

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Simulation results. (A) Relation between the outer perimeter stretch lop and the pin displacement Ax (normalized to ring radius R). The linear
region is indicated by the dashed line. (B) The resulting stress—stretch relation based on the true area (blue axis) or the initial area Ag (red axis). The green
cross indicates the location of 1., and the green dots indicate the region used to estimate E. (C) The tested random variables in the sensitivity analysis for
extracting Eiing. (D) Correlation between the true stiffness, E, and stiffness obtained from the uniaxial ring simulations, Eing. (E) Ratio of the true stiffness
and calculated stiffness by uniaxial ring simulations as a function of t/R and v (gray plane represents a linear fit through the data points, horizontal plane

indicates the case of a one-to-one correspondence).

p-value (Table 3). The normalized pin radius 7/R (coefficient — 0.011,
p = 0.001) and the Poisson’s ratio v (coefficient 0.013,
p = 0.027) together contribute <4% to the variation in the
model. The largest coefficient (0.048) is positively associated
with normalized thickness ¢/R, and explains 75% of the varia-
tion in the model (p < 0.001). About 21% of the variation in
the model is unaccounted for by these variables.

These results suggest that for 7/R « 1 the variation in A4 can
be largely attributed to variation in the thickness of the ring ¢/R.
When we apply a post hoc linear regression analysis, we
find that:

A+ = 1.005 + 0.046% (13)
with an adjusted R* value of 0.736 (n = 100, p < 0.001) and 95%
confidence interval for the intercept of [1.002 1.008] (p < 0.001)
and for the slope of [0.040 0.051] (p < 0.001).

Not all simulations converged up to stretches of 1. + 5%,
which is necessary for our analysis of En, (eqn (5)). Therefore
we could only use 85 out of the 100 simulations that we ran, but
this did not introduce a noteworthy bias in the uniform
distribution of the tested parameter space (Fig. 3C). From these
85 simulations, we find for the relationship between the actual
Young’s modulus E and the estimated Young’s modulus Eyjng:

E = 0.950E}ing + 0.169 (14)
with an adjusted R” value of 0.927 (n =85, p < 0.001) and a 95%
confidence interval for the slope of [0.892 1.007] (p < 0.001)
and for the intercept of [0.012 0.326] (p = 0.035). The large
correlation coefficient quantitatively validates the accuracy of
our approach to estimate the actual ring stiffness E (Fig. 3D).

As can be seen from eqn (14), Eying Overestimates the actual E
by 5% on average. For the remaining, small variation on this

Table 3 Multiple linear regression result for .. From top to bottom: coefficients, coefficient 95% confidence intervals (Cls), fraction of variation
explained by the parameter (sum of squares/total sum of squares), and the coefficients p-value

Iy = 1.005 +0.048¢/R +0.000%/R —0.0117/R +0.013v + error
95% CI 0.999 1.011 0.043 0.053 —0.002 0.003 —0.017 —0.005 0.002 0.025

SS/SSior 0.751 0.002 0.026 0.011 0.212

P 0.000 0.000 0.769 0.001 0.027

n =100 RS =0.773

This journal is © The Royal Society of Chemistry 2019
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Table 4 Multiple linear regression result for Eng. From top to bottom: coefficients, coefficient 95% confidence intervals (Cls), fraction of variation
explained by the parameter (sum of squares/total sum of squares), and the coefficients p-value

E/Eying = 1.387 —0.445t/R +0.020//R +0.0427/R —0.706v + error
95% CI 1.338 1.437 —0.492 —0.340 0.001 0.040 —0.019 0.103 —0.807 —0.604

SS/SStot 0.557 0.007 0.003 0.306 0.128

P 0.000 0.000 0.038 0.170 0.000

n=_85 R, =0.856

overestimation, we find (Table 4):

t h r
=1.387 — 0,445E + 0.0ZOﬁ + 0,042E — 0.706v + error

ring

(15)

Normalized ring height (coefficient 0.020, p = 0.038) and pin
radius (coefficient 0.042, p = 0.171) together contribute only 1%
to the total variation in the model. Normalized ring thickness
t/R and Poisson’s ratio v each have a coefficient in the order of
0.1 (p < 0.000), and together they explain 85% of the variation
in the model. About 12% of the variation in the model is
unaccounted for by these variables.

These results indicate that the remaining variation can be
best explained by ¢/R and v: for larger ¢/R and v, Ey,, tends to
become larger with respect to the actual E (Fig. 3E).

3.2 Experimental validation

Having established a method to accurately estimate material
stiffness and eliminate systematic errors due to measurement
geometry and sample mechanical properties, we now test this
method experimentally. Using our tracking algorithm, an esti-
mation of the outer perimeter stretch could be obtained with
a root-mean-square below 1.5% of the estimated perimeter
throughout the entire analysis (Fig. 4A). The stretch-time
relation in Fig. 4A further confirms that the relation between
Jop and pin displacement is initially nonlinear, but eventually
becomes linear for large deformations. To compute the stresses,
we normalize the recorded forces to true area (eqn (8) and (9)) with
the Poisson’s ratio that we measured in the uniaxial tensile
tests (Fig. 4B, v = 0.41). Since our simulation results show that
sample geometry, particularly ¢/R affects sample deformation
and therefore the estimation of the material mechanical

A
25 0.3 25
— longitudinal
T transverse
«n 20
02€
gel
j Zis
01¢
2 1.0 R
0.0 D
0.5
10 20 30 40 50 0 30 60 90 120
time (s) time (s)
D E
1.1
t/R=0s2 03 ring O\yy) =
t/R=0.30 bar (\) 72 1.0F-----mmmmmmm - B
t/R=0.19 al—
_.02 !
& e
s .
o
0.1 L 3
°
-
0- 0.0 : ; - !
1.0 1.2 1.4 1.6 1.8 20 1.00 1.05 1.10 1.15 1.20
Aoy ) AQ) 0.6

Fig. 4 Experimental results. Example image of (A) ring-shaped sample and (B) dog-bone-shaped sample prior to (top) and during stretching (bottom,
the extent of stretch is indicated in the legend) with the associated displacement curves over time (right panels). (C) The resulting stress—stretch curves of
ring-shaped samples with the different geometries indicated by the different colors. The inset shows zoom-in views for stretches up to 1.2; the black dots
indicate 4, for each sample. (D) Comparison of the stress—stretch curves between ring-shaped samples (black) and dog-bone-shaped samples (red)
(standard deviations indicated by dashed line). (E) Ratio of the calculated mean stiffness measured by tensile tests and the calculated stiffness measured
by ring tests (box plot contains 50% of the data, central mark = median, dashed line indicates the case of a one-to-one correspondence).
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properties, we tested rubber samples with varying sample geo-
metries in the uniaxial ring test. The resulting experimental
stress—stretch curves of the ring-shaped samples indeed corro-
borate the computational findings: for smaller ¢/R, the
computed stresses tend to become smaller (Fig. 4C).

To directly compare the uniaxial ring test results against the
‘conventional’ uniaxial tensile test of the same material, we plot
the average stress-stretch relations measured using the two
techniques (Fig. 4D). It can be qualitatively observed that the
curves are close to each other and that the computed stresses
measured in the ring tests are slightly but consistently larger
compared to those in the tensile tests. To make a quantitative
comparison, we take into account the point of maximum compres-
sion 1., which is estimated via eqn (13) and highlighted in the
inset of Fig. 4C. Using eqn (4), Eyn is estimated and compared
against the average stiffness of the tensile test (Fig. 4E). We find
that the stiffness estimated from the ring test (1.46 + 0.15 MPa)
agrees closely with the actual stiffness (1.17 & 0.02 MPa), with only
a minor discrepancy as predicted by our simulation results.
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Fig. 5 Ex vivo results. (A) Surgical procedure of the scaffold implantation
(image courtesy of Dr Valentina Bonito). (B) Explant at 3 months subjected
to the uniaxial ring test. (C) Representative stress—stretch curves obtained
after 1 day, 3 days, 7 days, and 3 months of implantation. (D) Temporal
variations in Eying during implantation time.
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3.3 Uniaxial ring test of aortic grafts

With the established experimental method, we tested the
mechanical properties of abdominal aorta interposition grafts
that were implanted in rats for up to 3 months (Fig. 5A and B).
At each explantation time point, the grafts exhibited a typical
t/R ratio of around 0.2. The results show a clear temporal
change in the mechanical behavior, especially between the
early time points (up to 7 days) and the late time point
(3 months, Fig. 5C). This change in mechanical behavior is
consistent with the idea that initially the graft response is
dominated by the properties of the scaffold, which is gradually
degraded and replaced by the newly formed, stiffer vascular
tissue. The extracted E.,g increases by a factor of >2 over the
tested period, reflecting this stiffening trend (Fig. 5D).

4 Discussion

Uniaxial ring testing is a common method to identify material
properties, including Young’s modulus, yield stress and strain,
and ultimate tensile stress and strain.®??"2* Furthermore, in
the context of biomedical materials, clinically-important para-
meters such as burst pressure and compliance are also typically
estimated from ring test data, through the application of
Laplace’s law, to characterize the functionality of (tissue
engineered) vascular grafts.”> >’ In many of these applications,
however, the pin-to-pin distance is used as the deformation
metric for estimating the sample mechanical properties.
As we show here, this approach, though simple, is inherently
problematic as the deformation of the ring-shaped sample
involves a combination of local compression, bending, and
stretching. As a result, derivations of stretch are often highly
susceptible to systematic errors. Moreover, the deformation
profile and the relative contributions of stretching and bending
are strongly affected by the sample and pin geometry and
therefore difficult to identify, making the experimental force-
strain relations hard to interpret.

In the present study, we offer a straightforward and accurate
approach to estimate material stiffness from uniaxial ring test
measurements. The simplicity of the approach is based on the
notion that the contributions of sample bending and stretching
in the force response can be well delineated from geometry
alone, and thereby the outer perimeter stretch of the ring, Aop,
can be used as a valid deformation metric (i.e., instead of using
the pin-to-pin distance). We develop a robust and freely-
accessible algorithm for quantifying 1op from the measurement
images and rigorously validate the approach computationally
and experimentally.

The numerical simulations confirmed (1) that for large
deformations, outer perimeter stretch Aop becomes linear with
pin displacement; and (2) that for large deformations, the
estimated ring stress from pin reaction forces and cross sectional
area dyin, becomes linear in Aop (Fig. 1B and 3A, B). Similarly, this
linear behavior for large deformations was also confirmed in our
experiments (Fig. 4A). The numerical simulations further showed
that quantification of Ei,g based on Agp is in very good agreement
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with the actual stiffness E (eqn (4)). Extensive survey over a large
parameter space shows that the actual stiffness is typically 5%
lower than estimated by E,, (eqn (14)), with outliers of up to
~30% (Fig. 3E).

In the calculation of Eyng, we take into account that in the
initial phase of the ring test the deformation is dominated by
bending. With regard to this, our simulations revealed a simple
empirical relation between the point of maximum compression
(i.e., monotonic extension over the entire cross section of the
ring) and ring geometry (i.e., ¢t/R), independent of the intrinsic
material properties (eqn (13)). Although v (as a measure of
incompressibility) and r/R (which affects the extent of ring
bending) also contribute to this relation, their effects are
negligible compared to ¢/R (<2.5% vs. 75%, Table 3), particu-
larly when we consider that these effects are also limited by the
possible range of the parameters: in general 0 < v < 0.5, and
by definition 0 < r/R < 1. Using this relation, the stretch-
dominating region in the ring test data can be identified and
used to calculate a valid first-order, linear stiffness of the
material (i.e., E) without time-consuming and complex inverse
analysis methods.

We emphasize that our proposed image-based analysis is
optimally suited for the accurate extraction of this linear
stiffness, which is particularly valuable in the field of vascular
tissue engineering and biology. Extension of the approach
to estimate other, non-linear parameters of soft tissues (for
instance by a Fung material model) is possible, but inevitably
requires an inverse analysis of some kind, because these
parameters cannot be directly calculated from the slope of
the o-/ -curve.

The results from the simulations thus allow us to proceed
with the experimental validation, where we tested ring-shaped
and dog-bone-shaped samples from the same material. Taking
into account the point of maximum compression for the
calculation of E,,, we found that the actual stiffness, as
determined from the uniaxial tensile test, is typically 20% lower
than Ep,, as determined from ring test data (Fig. 4E). This
overestimation of E is larger than the 5% overestimation found
by the simulations (eqn (14)) and can likely be attributed to
experimental noise, which is common to all mechanical tests
(e.g., noise on force and displacement transducers, pixel
discretization of the images, sample irregularities). In fact,
due to the geometry and symmetry of uniaxial ring tests, the
signal-to-noise ratio of ring tests is expected to be higher than
that of conventional tensile tests.

It can be observed that previous studies that use the ring test
approach to estimate burst pressures have also consistently
shown to overestimate the actual burst pressure by between
25% and >400%.>° Although these values cannot be directly
compared to our results, it supports the idea that the ring-test
method has a tendency to overestimate material properties. In
fact, our simulations and experiments reveal that the degree of
overestimation by Ei,, is related to the geometry of the ring,
/R, and to the compressibility of the ring, v (Fig. 3E and 4C):
the larger these ratios, the larger the tendency to overestimate
the stiffness. However, since Poisson’s ratios of biological

ing
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tissues typically fall in the narrow range of 0.3 < v < 0.5, t/R
remains the most relevant variable to account for. Based on
this, we conclude that the accuracy of the method becomes
better for relatively thin-walled ring samples, and that for a
given ¢/R, the method is very sensitive to detect differences in
stiffness. Therefore, it is recommended to always take into
account this geometrical effect when comparing data from
rings with different geometrical properties.

Finally, we applied the method, as an exemplary proof of
concept, to measure the mechanical properties of ring-shaped
vascular explants from rat aortic grafts. Given the agreement
between the experimental and computational analysis, it is
expected that the actual stiffness of the explants is slightly
lower than the values reported in Fig. 5. Despite this, the
temporal changes in mechanical properties, as a result of tissue
formation and scaffold degradation, remain evident, illustrat-
ing the merit of this approach.

5 Conclusions

In conclusion, we have shown how the uniaxial ring test can be
used to mechanically characterize soft materials and biological
tissues, without the need for time consuming and complex
inverse analysis methods. We offer a simple image-based
analysis approach to determine the deformations in the tissue
and provide an empirical relation to identify the stretch-
dominating region of the force curve. This makes the uniaxial
ring test a very attractive research tool for various research lines
involving characterization of ring-shaped materials, even when
the material behavior is not a priori known, including in the
field of vascular tissue engineering and biology.
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