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Purpose: Abnormal iris mechanical properties have been considered to be an important cause of pupillary-block and angle-closure
glaucoma. In this research, viscoelasticity, anisotropy and location-dependence of mechanical properties of rabbit iris were investigated
using uniaxial tensile test. Methods: Iris strips were taken along three directions: inner-circumferential direction (ICD), outer-circumferential
direction (OCD) and radial direction (RD), respectively. Quasi-static tensile tests and stress–relaxation tests were applied on the iris strips.
Then, the stress–stretch data was fitted with third order Ogden model; the stress–relaxation data was fitted with the third order Prony
series model. Through comparing the tangent modulus and relaxation limit of the strips from different directions and locations, the vis-
coelasticity, anisotropy and location-dependence of mechanical properties of rabbit iris were explored. Results: The tangent moduli of iris at
the stretch of 1.05 along ICD, OCD, and RD were 3.2 ± 1.4 kPa, 4.2 ± 2.6 kPa, 1.5 ± 0.8 kPa, respectively. Iris strips in ICD and OCD were
found to have almost the same stress–relaxation behavior, and both relaxed slower than iris strips in RD. Conclusions: The mechanical
properties of the iris were typically nonlinear, viscoelastic, anisotropic and location-dependent. The stress growth rate of the circumfer-
ential direction iris strip is significantly lower than that of RD and the stress–relaxation rate is significantly higher than that of the RD.
That is, the iris is more prone to deformation in RD and the stress–retention ability after deformation in RD is weak, which is consistent
with the fact that the iris bombe more likely happens in RD in vivo. The results of this study may also help us to establish a more accurate
finite element model to simulate the flow field of humor aqueous and find the key factor of pupillary-block.
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1. Introduction

Glaucoma is the first irreversible blinding disease
in the world, with a prevalence of 3.54%. It is expected
that the number of patients of glaucoma worldwide will
reach 110 million by 2040, which is a major public
health issue of global concerns [22]. Asians with shallow
anterior chamber are more vulnerable to developing
angle-closure glaucoma [1]. It is believed that pupillary
block caused by abnormal iris morphology is the main
risk factor for angle-closure glaucoma [17].

Iris morphology is determined by external and in-
ternal factors. The flow field of aqueous humor is the
main external factor. The aqueous humor is secreted by
the ciliary body, passes through the posterior chamber
and iris-lens channel, enters into the anterior chamber.
Because the iris-lens channel is narrow, aqueous humor
has a high velocity and pressure here. This procedure
creates a pressure difference between anterior and pos-
terior chamber and causes iris bombe. The mechanical
properties of iris are the main internal factor. There-
fore, the mechanical property of the iris is of great
importance to provide basic data to simulate the flow
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of aqueous humor in the anterior segment of eye and
understand the mechanism of angle-closure glaucoma
[6], [23].

There are many kinds of means to obtain the me-
chanical properties of iris, such as uniaxial tensile test,
indentation experiments and the combination of finite
element method with optimization algorithm. Zhang
et al. [32] obtained the second order Ogden model
parameters of rabbit iris in vivo by finite element
method and optimization algorithm, which treated the
iris as a kind of isotropic and homogeneous material.
Barocas et al. performed uniaxial tensile test on the
radial and azimuthal directions of bovine [5] and por-
cine iris [24], respectively, which paid attention to the
mechanical anisotropy of the iris without the viscoe-
lasticity. Barocas et al. [5] and Li et al. [13] also per-
formed indentation experiments on the anterior and
posterior surfaces of the porcine iris and rabbit iris,
respectively, and revealed the mechanical asymmetry of
the iris. Because of the little thickness of the iris, it was
difficult to obtain the mechanical anisotropy of the iris
by indentation experiment. Overall, a more comprehen-
sive experimental design to characterize the mechanical
properties of iris, including viscoelasticity, anisotropy
and location-dependence, is necessary and urgent.

A great number of investigations have performed
uniaxial tension tests on biological soft tissue to get its
viscoelasticity, anisotropy and location-dependence of
mechanical properties, primarily because of the ease
of performance, convenience for small sized sample
and accuracy of data from the tests [2], [3], [8].

Therefore, in this research, rabbit iris strips were
taken along inner-circumferential direction (ICD), outer-
-circumferential direction (OCD) and radial direction
(RD), respectively. Quasi-static tensile and stress–relaxa-
tion tests were performed on the iris strips. By compar-
ing the results, the anisotropic and location-dependent
mechanical properties of iris were revealed. These find-
ings would help us to establish a more accurate finite

element model to simulate the flow field of humor aque-
ous and find the key factor of pupillary-block.

2. Materials and methods

2.1. Experimental materials

All animal experiments were in accordance with
the Declaration of Helsinki and relevant Chinese
laws and regulations. Rabbits aged 6–7 months were
provided by experimental animal department of Capital
Medical University. Rabbits were euthanized by in-
travenous injection of 10 ml of 3% pentobarbital
sodium. Both eyes were removed completely. Each
eye was then cut open from the sclera, the vitreous
and lens were removed and the iris was carefully
detached intact. The iris was divided equally into
three parts, the first part for quasi-static tensile test,
the second part for stress–relaxation test and the third
part for thickness measurement. The initial thickness
of iris strip was recorded as th0. For the parts of iris
prepared for tensile test, each part was cut into strips
by 1 mm wide double-bladed cutting tool in inner-
circumferential direction (ICD), outer-circumferen-
tial direction (OCD) and radial direction (RD), re-
spectively (Fig. 1A).

2.2. Experimental methods

The biomechanical tests were carried out using
ElectroForce® 3100 mechanical testing system (Fig. 1B)
at a room temperature of 22 ± 3 °C. High precision
sensor with 0.5% force transducer’s resolution and
250 g range was applied. Following section 2.1, while
testing, iris strip was clamped on the stretch test ma-

Fig. 1. Rabbit iris tissue and the definitions of inner-circumferential direction (ICD, marked with 1),
outer-circumferential direction (OCD, marked with 2) and radial direction (RD, marked with 3)
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chine with a couple of custom-made clamps [30], [31]
and the distance between the clamps was measured by
a vernier caliper (Fig. 1C). This distance was regarded
as the original length of the sample (L0).

The preconditioning was performed at the load-
ing rate of 0.02 g/s (force control, target was 0.4 g)
and the unloading rate of –0.02 mm/s (distance con-
trol, target was the initial position), five cycles in to-
tal. The typical force–displacement curves of iris
strips in ICD, OCD and RD during the precondition-
ing process are shown in Fig. 2. Then the tensile tests
were conducted. The tensile speed was 0.02 mm/s in
the quasi-static tensile test, while it was 0.4 mm/s in
the stress–relaxation test. The elongation was 140% of
L0. In the stress–relaxation test, this stretched length
was held for 300 s [30].

2.3. Mechanical data analysis

The stress σ and the stretch ratio λ are defined as

,
0A

Ft=σ  ,
0L

L
=λ  where Ft is the current applied force,

A0 is the original cross-sectional area, L0 is the origi-
nal length and L is the current length. A0 = w0 × th0, w0

and th0 are original width and thickness of the iris
strip, respectively. The normalized stress G(t) is de-

fined as ,)(
0F

FtG t=  where Ft is the current applied

force, F0 is the maximum applied force at the begin-
ning of the relaxation.

Hyperelastic models have been used to describe
the nonlinear elasticity of many kinds of soft materi-
als. Ogden model is one of the most commonly used
models [4], [7], [20], [30], [31]. For incompressible
materials, the strain energy function of Ogden model
is written as follows:
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where λ1, λ2 and λ3 are the first, the second and the
third stretch ratios, αi and μi are material parameters,

N is the order. In this research, λ1 = λ, λ2 = λ3 = 2
1
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stress σ1 = σ, σ2 = σ3 = 0 [14], and the third order
Ogden model (N = 3) is considered in this research.
Then, we can get the following equation:
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The stress–relaxation data was fitted by third order
Prony series model [16], [18], [21] which is written as
follows:

)1(1)( /3
1
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jj eatG τ−

= −Σ−= , (3)

where aj and τj are the viscoelastic material parame-
ters of iris. Let G(∞) be ),(lim tG

t ∞→
 which gives the

ultimate residual value of stress–relaxation, it is equal
to (1 – a1 – a2 – a3).τ1, τ2 and τ3 are relaxation time
constants.

For stress–stretch data, the material parameters can
be estimated by optimizing (minimising) the stress-
based nonlinear function: Ms1 = 1

1
N
i=Σ  [σ(ti) – σi]2,

where ti is the time points, σi is the stress at a time
point in loading process, N1 denotes number of data
points in extension and σ(ti) is the value calculated by
Eq. (2).

Similarly, for stress–relaxation data, the material
parameters can be estimated by optimizing (minimis-
ing) the stress-based nonlinear function: Ms2 = 2

1
N
j=Σ

[G(tj) – s j]2, where tj is the time points, s j is the nor-
malized stress at a time point in relaxation process,

Fig. 2. Typical force–displacement curves of the iris strips during the preconditioning process
in ICD (a), OCD (b) and RD (c).

The curves of the fourth and the fifth cycle basically overlapped, the preconditioning process had been completed
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N2 denotes number of data points in the stress–relaxa-
tion curves and G(tj) is the value calculated by Eq. (3).

All the computations were completed by apply-
ing the non-linear constrained global optimization
in MathematicaTM packages (Wolfram Research, Inc.,
Champaign, IL, USA). Stochastic optimization method
which was automatically assigned by the program
package was used [11], [12]. The initial values of the
unknown constitutive parameters were automatically
assigned by the program package. The differential evo-
lution method was applied.

2.4. Statistical analysis

One-Way ANOVA was applied to analyze the dif-
ferences among iris samples in three directions under
the same test conditions. P < 0.05 indicates a signifi-
cant difference.

3. Results

3.1. Geometric parameters
of the iris strips

A total of 14 eye balls from 7 rabbits were in-
cluded in this study. The original length (L0) and
original thickness (th0) of iris strips in the three direc-
tions under quasi-static tensile tests and stress–relaxation
tests are listed in Table 1. The original width (w0) of all
iris strips was 1 mm.

Table 1. The original length (L0) and original thickness (th0)
of iris strips (mean ± SD, n = 14)

Quasi-static tensile tests Stress–relaxation tests

L0 [mm] th0 [μm] L0 [mm] th0 [μm]
ICD 3.30 ± 0.27 291.5 ± 30.7 3.25 ± 0.31 305.2 ± 32.6
OCD 3.89 ± 0.45 305.8 ± 33.0 3.67 ± 0.35 318.1 ± 36.9
RD 3.48 ± 0.32 298.5 ± 32.1 3.54 ± 0.36 295.3 ± 33.8

3.2. Stress–stretch properties

The loss of strain energy in the 5th hysteresis loop,
which is equal to the area enclosed by the loading and
unloading curves, of iris strips in different directions
and locations was shown in Fig. 3.

The stress–stretch curves shown in the Fig. 4 were
significantly different in different directions and lo-

cations. All stress–stretch curves showed a typical
“J-curve” feature. The tensile stress of the ICD under
the same stretch was intermediate between those of
OCD and RD. This result indicated that the iris strips
in the RD were softer and more deformable.

Fig. 3. The loss of strain energy in the 5th hysteresis loop of iris strips
in different directions and locations (mean ± s.d.), *p < 0.05

Each stress–stretch curve was fitted by third order
Ogden model (R2 > 0.95). The parameters were shown
in Table 2. The tangent modulus of iris under the
stretch of 1.01, 1.03, 1.05, 1.10 and 1.15 were calcu-
lated (Fig. 5). Under the stretch of 1.03, the tangent
modulus of iris in the ICD was obviously higher than
that in the RD. Under the stretch of 1.05, 1.10 and 1.15,
the tangent moduli of iris in ICD and OCD were obvi-
ously higher than that in the RD. Under the stretch of
1.10 and 1.15, the tangent moduli of iris in OCD were
obviously higher than that in the ICD.

Fig. 4. Stress–stretch curves of iris stripes in the ICD, OCD
and RD (mean ± SD). In order to show the changing trend
of the curve more intuitively, only the standard deviations

under the stretch of 1.05, 1.10, 1.15 and 1.20 are given
in the larger figure (the standard deviations at 5% and 10%

are small). The smaller figure is a magnified view
of the stress–stretch curves in the 1.05–1.10 stretch range
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Fig. 5. The tangent modulus of iris (mean ± SD).
*p < 0.05, compared to the tangent modulus of iris in RD;

#p < 0.05, compared with the tangent modulus of iris in OCD

3.3. Stress–relaxation properties

The iris strips were stretched at a speed of 0.4 mm/s
to achieve 140% of original length, and kept this length
for 300 s. The normalized stress–relaxation curves of

iris strips are shown in Fig. 6. When the iris strip was
held to a constant, the significant stress–relaxation phe-
nomena occurred. The velocity of stress–relaxation of
ICD iris strips was almost the same as OCD iris strips,
and obviously higher than that of the radial iris strips.

Fig. 6. The normalized stress–relaxation curves of iris strips
in ICD, OCD and RD (mean ± SD).

The curves in ICD and OCD were almost coincident

Each stress–relaxation curve was fitted by the third
order Prony series model (R2 > 0.99). The fitted parame-

Table 2. The parameters of third order Ogden model in different directions and locations (n = 14)

]kPa[1μ ]kPa[2μ ]kPa[3μ α1 α2 α3 R2

mean 0.02 0.17 0.52 51.60 14.51 4.26 0.99
ICD

SD 0.01 0.08 0.28 23.26 5.95 1.36 0.01
mean 0.02 0.03 0.20 47.66 22.59 18.02 0.99

OCD
SD 0.01 0.01 0.11 25.47 10.02 9.18 0.01

mean 0.01 0.15 0.67 37.26 15.75 6.51 0.99
RD

SD 0.00 0.07 0.28 16.37 6.76 2.38 0.01

Table 3. The parameters of third order Prony series model in different directions and locations (n = 14)

a1 a2 a3 τ1 [s] τ2 [s] τ3 [s] R2

mean 0.20 0.21 0.38 94.21 11.48 1.12 0.99ICD SD 0.04 0.03 0.07 28.51 4.31 0.69 0.00
mean 0.17 0.18 0.45 110.27 12.44 1.24 0.99OCD SD 0.02 0.01 0.09 20.68 2.22 0.13 0.00
mean 0.18 0.20 0.54 93.80 11.38 1.17 0.99RD SD 0.01 0.03 0.07 25.58 4.68 0.17 0.00

Fig. 7. The normalized relaxation limit (G(∞)) and the time for the initial stress of the iris strips to be relaxed to half its value
during a stress–relaxation test (τ_ϒ(1⁄2)) (mean ± SD)
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ters of stress–relaxation curves are shown in Table 3.
The normalized relaxation limit of stress–relaxation
(G(∞)) which is equal to (1 – a1 – a2 – a3) and the time
for the initial stress of the iris strips to be relaxed to
half of the initial value during a stress–relaxation test
(τ1/2) are shown in Fig. 7.

4. Discussion

In the present work, the uniaxial tensile experi-
ments were performed on the rabbit iris along ICD,
OCD and RD. At last, the anisotropy, viscoelasticity
and location-dependence of mechanical properties of
iris were revealed.

The materials parameters of iris in the Ogden model,
including μ and α, were obtained in this research,
which were ranged from 0.01 to 0.67 kPa and 4.26
to 51.60, respectively. Parameter μ of the iris was
obvious less than another study about the mechanical
properties of the iris in vivo (from 37.7 to 43.05 kPa),
which may be due to the difference between in vivo
and in vitro experimental methods [32]. Simultane-
ously, parameter μ of the iris was obvious less than
cornea (from 0.42 to 0.47 MPa) which illustrated that
iris was more likely to deform than cornea [29]. Pa-
rameter α of the iris in this study was roughly equiva-
lent to the iris and the cornea in the above two studies
(from 48.07 to 54.26 and from 32.76 to 55.63, respec-
tively).

There are three main components in iris, stroma,
sphincter and dilator [13]. All of the iris strips in ICD,
OCD and RD contain stroma, which is not the main
reason for the difference of mechanical properties of
different kinds of iris strips. However, sphincter is
located in ICD and dilator is located in OCD, and the
iris strip in RD contains both of these two muscles.
Different components of muscles lead to the mechani-
cal difference of iris strips in ICD, OCD and RD.

The stress–strain curves in the ICD and OCD were
obviously different in the large strain (>10%) (Figs. 4
and 5), without difference in the viscoelasticity (Figs. 6
and 7). This indicates that the mechanical properties
of iris are regionally dependent. At large strains, the
ICD and OCD of iris strips show different mechanical
properties. The regionally dependent viscoelastic prop-
erties of iris are not significant. Otherwise, the stress–
strain curves in ICD/OCD were significantly higher
than RD. Meanwhile, the stress–relaxation curves were
obviously higher in ICD/OCD than RD. These results
can explain the larger radial deformation of iris under
physiological conditions.

In the quasi-static tensile test, the stress–stretch
curves showed typically nonlinear and could be well
fitted by the third order Ogden model (R2 > 0.95). The
tangent modulus (6.0 ± 3.2 kPa) of the iris strips in
RD under the stretch of 1.15 in this study was ap-
proximately the same as the linear fitting results of the
porcine radial iris strips (4.0 ± 0.9 kPa) in Barocas’
research [24]. However, in the case of small stretch
(1.01), the tangent modulus (0.4 ± 0.3 kPa) of the iris
strips in RD in this study was significantly less than the
result of Barocas’ research [24]. The tangent modulus
of the iris strips was obviously increased with the in-
crease of strain. Therefore, the iris should be consid-
ered as a kind of nonlinear elastic material.

Indeed, the anisotropy and location-dependence of
the iris had been paid attention in the previous re-
search of Heys et al. [5]. They performed quasi-static
tensile experiments on the iris strips and iris rings of
bovine. Their ideas and testing results were similar to
ours in several ways. First, they also preferred that
tensile experiments of the radial iris strips mainly focus
on the mechanical properties of dilator, the inner rings
of iris mainly on the mechanical properties of sphincter
and the outer rings of iris mainly on the mechanical
properties of dilator. They used the neo-Hooken model
to fit the force–displacement curves and obtained the
elastic modulus of dilator and sphincter. Second,
Heys’ research also showed that the elastic modulus
of the sphincter was greater than that of the dilator in
the ICD/OCD, and both were much greater than that
of the dilator in RD. Compared with the Heys’ re-
search, this research mainly has two improvements.
First, in this research, the length–width ratio of the
both radial and circumferential iris strips was greater
than 3:1 (the initial width was 1 mm, and the initial
length was greater than 3 mm), which is a necessary
condition conducting uniaxial tensile tests. Second,
since a sensor with high precision to measure the stress
of iris under a small stretch was used in this research,
the nonlinear stress–stretch relationship of rabbit iris
strip was obtained, and the third order Ogden model
was used in this research.

Stress–relaxation experiment is an important method
to get the viscoelastic properties of materials, as well as
one of the important means to study and verify the
relationship between biological phenomena of biologi-
cal tissues and mechanical microenvironment [15],
[31]. Barocas [25] and Yoo [26] et al. have studied the
stress–relaxation characteristics of iris based on the
nano-indentation experiment, while the stress–relaxation
experiment on the iris strips by uniaxial tensile ex-
periment has rarely been reported before. Moreover,
the data of this study illustrated that the stress–relaxa-
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tion velocity of the iris strips in RD was significantly
higher than that in ICD/OCD, as revealing the anisot-
ropy on the viscoelasticity of the iris, which had never
been reported before.

Since few studies have been conducted on iris stress–
–relaxation experiments using the stretching method, we
consider the stress–relaxation experiments of other bio-
logical soft tissues when selecting the stretching am-
plitude used in the stress–relaxation experiment in this
study. The existing human, pig and rabbit corneal
relaxation experiments have a stretch of about 115–
150% [27], [28]. The stretch of porcine amniotic mem-
brane is about 140% [9]. The stretch of smooth mus-
cle and connective tissue of the human trachea is
about 150% [18]. With reference to the above re-
search design, we set the tensile amplitude of 120%,
130% and 140% of the iris strip in the pre-experiment
of the stress relaxation experiment. The results show
that under the tensile amplitude of 140%, the iris strip
will not be broken in all directions, and the stress–
–relaxation curves obtained are relatively smooth
and stable. Therefore, 140% was adopted as the ten-
sile amplitude for the stress–relaxation test in all direc-
tions of the iris strips.

Indentation is also a good method to get the loca-
tion-dependence of the mechanical properties of iris.
We have performed indentation on the iris root, mid-
periphery and pupillary-margin of the rabbit iris in our
previous research, finding that the iris in pupillary-
margin was significantly stiffer than that in mid-
periphery [13]. In order to investigate the location-
dependence of the mechanical properties of iris under
large deformation which is closer to the physiological
state, we have also performed tensile test on the rabbit
iris in this research. We found that stress–relaxation
curves of the ICD and OCD iris strips almost coin-
cided but the stress–stretch curves of OCD iris strips
were obviously higher than that of ICD iris strips.
This phenomenon illustrates that the hyperelasticity of
ICD iris strips is stronger than that of OCD iris strips,
but the viscoelasticity of these two iris strips is nearly
the same.

As a biological soft tissue, the strain of the iris is
about 20–40% in vivo, and it will be pulled off in rare
cases. Therefore, in this study, we did not carry out
the iris strip breaking experiment, nor did we consider
the variability of maximum stress in tensile experi-
ments according to the direction of loading.

In addition, the size of the eyeball and cornea in-
creases with age and the curvature of the iris decreases
[19]. Changes in these factors may cause changes in
the aqueous humor flow field and intraocular pressure
distribution, along with changes in the mechanical

properties of the iris, including stress–strain properties,
viscoelasticity, anisotropy and regional dependence
et al. [13]. Studying the changes of iris mechanics
with age is a very interesting topic, after all, the mid-
dle-aged and elderly people are the most prone to
glaucoma [10].

There are also some limitations in this study. First,
while this study has obtained the viscoelasticity, ani-
sotropy and location-dependence of mechanical prop-
erties of iris tissue, it did not demonstrate the under-
lying causes, which are most likely related to the
density and arrangement of the fiber. Second, the re-
sidual stress was not considered in our study, which
should be incorporated to reflect the full mechanical
state of the tissue. In order to reduce the complexity of
considering residual stresses, we assumed a zero-
stress state. Third, the iris tissue is mainly composed
of stroma, dilator, sphincter, pigment epithelium, etc.
Because the small size of each component, we could
not isolate each component. In other words, the results
of each direction (location) of iris strip were not the
mechanical properties of pure components but the
mean value of different components.

5. Conclusions

The mechanical properties of the iris were typi-
cally nonlinear, viscoelastic, anisotropic and location-
dependent. The stress growth rate of the circumferen-
tial direction iris strip is significantly lower than that
of the radial direction and the stress relaxation rate is
significantly higher than that of the radial direction.
That is, the iris is more prone to deformation in radial
direction and the stress retention ability after defor-
mation in radial direction is weak, which is consistent
with the fact that the iris bombe more likely happens
in radial direction in vivo. The results of this study
may also help us to establish a more accurate finite
element model to simulate the flow field of humor
aqueous and find the key factor of pupillary-block.
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