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Abstract

Background: Understanding the mechanical properties of the iris can help to have
an insight into the eye diseases with abnormalities of the iris morphology. Material
parameters of the iris were simply calculated relying on the ex vivo experiment.
However, the mechanical response of the iris in vivo is different from that ex vivo,
therefore, a method was put forward to determine the material parameters of the iris
using the optimization method in combination with the finite element method
based on the in vivo experiment.

Material and methods: Ocular hypertension was induced by rapid perfusion to the
anterior chamber, during perfusion intraocular pressures in the anterior and posterior
chamber were record by sensors, images of the anterior segment were captured
by the ultrasonic system. The displacement of the characteristic points on the
surface of the iris was calculated. A finite element model of the anterior chamber
was developed using the ultrasonic image before perfusion, the multi-island
genetic algorithm was employed to determine the material parameters of the iris
by minimizing the difference between the finite element simulation and the
experimental measurements.

Results: Material parameters of the iris in vivo were identified as the iris was taken
as a nearly incompressible second-order Ogden solid. Values of the parameters μ1,
α1, μ2 and α2 were 0.0861 ± 0.0080 MPa, 54.2546 ± 12.7180, 0.0754 ± 0.0200 MPa,
and 48.0716 ± 15.7796 respectively. The stability of the inverse finite element
method was verified, the sensitivity of the model parameters was investigated.

Conclusion: Material properties of the iris in vivo could be determined using the
multi-island genetic algorithm coupled with the finite element method based on
the experiment.
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Background
Glaucoma is the major cause of irreversible blindness worldwide. Most forms of glau-

coma are associated with elevated intraocular pressure(IOP), some forms could lead to

abnormalities of the iris morphology. In primary angle closure glaucoma, the iris bows

anteriorly, aqueous humor outflow is impeded in moving through the pupil, resulting in

intraocular hypertension [1]. In pigment dispersion glaucoma, the iris bows posteriorly,

then the pigmented iris epithelium rubs against the lens resulting in pigment liberation,

occlusion of the trabecular meshwork [2] and elevated IOP. Therefore, understanding the
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mechanical properties of the iris may help us to have an insight into the pathophysiology

of specific ocular disorders.

As reported in the relevant literature, uniaxial tensile tests are performed on strips

and intact tissues of the untreated iris [3], the untreated and stimulated iris by drugs

[4]. During inflation tests [5], the highlighted outer contour of the iris is extracted from

the cross section image with a laser beam. A nonlinear curve is evinced between the

outer surface area change with pressure differential between posterior and anterior

chamber. Indentation tests [6,7] were used to determine the mechanical properties on

the local regions of the iris. Besides, relative contraction forces of cadaver irides [8]

were quantified due to drug stimulation. The mechanical properties of the iris sphincter

and dilator muscles were measured by the isometric contraction experiment and the

isotonic quick release experiment [9].

Based on the experimental data, investigators used different material models to de-

scribe the mechanical behavior of the iris. The linear elastic model [10] was adopted to

simulate the inflation test of the ex vivo iris by the finite element (FE) method,but it

was only suitable for the lower pressure differential between the posterior and anterior

chamber. Somebody [11] tried to use the Neo-Hookean model to simulate the behavior

of the iris. However, the simulation results did not completely capture the behavior of

the iris. Instead, the Ogden model can be reduced into Neo-Hookean by choosing par-

ticular values for α and N [12], and it has been widely employed to determine the

mechanical properties of the soft tissues ex vivo [13-18] and in vivo [19-22] such as the

cornea [13], blood vessel [14], skin [20] and so on. Besides, the soft tissue was treated

as incompressible [23-25].

Results about the mechanical properties of the iris are mostly relied on the ex vivo

animal experiments presently. However, mechanical responses of the iris ex vivo are

different from that in vivo. For the in vivo experiments it is important to take images

on the morphology changes of the iris, advanced equipments could offer high quality

anterior chamber images such as the Ultrasonic Biomicroscopy (UBM) and the Anter-

ior Segment Ocular Coherence Tomography (AS-OCT) [26] in clinic. As the UBM and

AS-OCT are mainly designed for the human, they are not the optimum choice for ani-

mal experiments. Fortunately in vivo studies showed that the Vevo 770 High Resolution

Ultrasound System could be used to obtain optimal images over the depth range of the

focal region [27], which makes it possible to obtain the images of the iris in vivo.

Therefore, in this study, an in vivo experiment was conducted to obtain the morph-

ology changes of the iris based on the anterior chamber images, the vivo iris was taken

as the incompressible Ogden solid, the optimization method was used to determine the

material parameters of the iris coupled with the FE method.

Material and methods
Animal experiment

Experimental animal

Adult New Zealand rabbits (n =6, 2.5-3.5 Kg) without eye diseases were provided by

the Experimental Animal Department of the Capital Medical University, animal experi-

ments were conducted in accordance with the National Institute of Health Guide for

the Care and Use of Laboratory Animals and approved by the Institutional Animal

Care and Use Committee of China.
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Experimental procedure

The experimental platform was shown in Figure 1. Before experiments, both pressure

sensors were set to a ‘default zero’ calibrated zero pressure. Animals were anesthetized

by injection of urethane solution (7.5 ml/kg). Topical anesthetic (Oxybuprocaine

Hydrochloride Eye Drops, Santen Pharmaceutical Co., Japan) was also used to avoid

eyes’ movement. A 24-gauge needle was inserted from the limbus into the anterior

chamber and was connected to a microsyring pump. The other needle was inserted 1-

2 mm far from the limbus (near the equatorial sclera) into the posterior chamber. The

initial IOP was record when it was stable. The cornea was covered by a layer of ultra-

sound transmission gel with the transducer positioned in contact with the gel. Before

perfusion, reference images of the anterior chamber were taken via Visualsonics Vevo

770 High Resolution Ultrasound System. Then saline was perfused to the anterior

chamber at a rate of 100 μL/min by the microsyring pump until the IOP reached

60 mmHg, which took no more than one minute. During the infusion, the IOP was

continuously monitored by the pressure sensors and displayed on the screen of the

computer in real time, ultrasonic images of anterior chamber were captured at 1 Hz.

Image processing and analysis

All images were analyzed using the MIMICS software (version 14.12; Materialise) to

calculate the anterior chamber depth and displacement changes at different spots of

the iris. As shown in Figure 2, the anterior chamber depth AB was defined as the dis-

tance between two points whose tangent slopes were equal to zero on the edges of the

inner surface of the cornea and the upper surface of the lens. As the surface of the iris

is not smooth, there are some characteristic points at the profile edge as shown in

Figure 2. The characteristic points were selected in the middle segment and marked by

two different independent observers. The displacement was calculated by extracting the

coordinate values of the marked point.

The iris root is a ring-shaped narrow band of the periphery of the iris implanted in the

ciliary body [28], there is a gap between the iris and lens [29], when the pressure differen-

tial increased, the iris will be push backward and the displacement in the X direction is

too small to ignore. Therefore, only the displacement in the Y direction was considered.
Figure 1 Schematic diagram of the experimental set-up. Two 24-G cannulation needles were connected
with pressure sensors to record intraocular pressure of the anterior and posterior chamber, respectively.
The detector of the ultrasonic system was used to take images of the anterior chamber.



Figure 2 Ultrasonic image of the anterior chamber. Arrows point to the characteristic points on the
surface of the iris. The anterior chamber depth AB was defined as the distance between two points whose
tangent slopes were equal to zero on the edges of the inner surface of the cornea and the upper surface
of the lens.
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Construction of the finite element model

The structure of the anterior chamber is nearly axisymmetric, so the model of the an-

terior chamber was usually simplified as axisymmetric structure [29-31]. Therefore, we

constructed axisymmetric finite element models based on the anterior segment images

as follows.

The ultrasonic image perfusion in Figure 3(a) was input to the MIMICS software.

Cornea, iris and the lens were segmented by the optimal threshold segmentation algo-

rithm respectively. The lower edge of the iris and the upper surface of the cornea were

recognized by local and manual threshold segmentation algorithm. The segmented cor-

nea, iris and the lens were marked in red, green and blue color respectively shown in

Figure 3(b). Edges in Figure 3(c) were extracted and translated to the solid model in

Figure 3(d). An axisymmetric finite element model of the anterior chamber was con-

structed based on the solid model as shown in Figure 3(e). The in vivo experiment was

simulated by increasing the pressure differential between the anterior and posterior sur-

face of the iris using finite element software ABAQUS (Version 6.12; Simulia), shown

in Figure 3(e). Two types of elements were used including CAX4RH and CAX3.

CAX4RH is a 4-node bilinear axisymmetric quadrilateral, hybrid, constant pressure, re-

duced integration, hourglasss control element, and CAX3 is a 3-node linear axisymmet-

ric triangle element, shown in Figure 3(f ). The elements of CAX4RH and CAX3 were

marked in blue and red, respectively. The elements numbers were summarized for all

six finite element models in Table 1.

The iris was considered as a nearly incompressible Ogden model. The Ogden mater-

ial model is a hyperelastic material model used to describe the non-linear stress–strain

behavior of complex materials such as rubbers, polymers, and biological tissue. The



Figure 3 Construction of the finite element model for the anterior chamber of the iris in vivo
before perfusion. (a) Ultrasonic image of the anterior chamber. (b) Cornea, iris and the lens were segmented
by optimal threshold segmentation algorithm program and marked in different colors. (c) Contours of the
anterior chamber extracted. (d) Solid model of the anterior chamber. (e) A FE model of the anterior chamber
based on the solid model. (f) The CAX4RH and CAX3 elements were marked in blue and red in finite element
model of iris, respectively.
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model was developed by Ray W. Ogden in 1972 [32]. The Ogden model, like other

hyperelastic material models, assumes that the material behavior can be described by

means of a strain energy density function, from which the stress–strain relationships

can be derived. These materials can generally be considered to be isotropic, incom-

pressible and strain rate independent. The Ogden model could be expressed by the

strain energy function [32,33] as follow:

U ¼
XN

i¼1

2μi
α2i

�λ
αi
1 þ �λ

αi
2 þ �λ

αi
3 −3

� �þ
XN

i¼1

1
Di

Jel−1ð Þ2i ð1Þ

where U is the strain energy density per unit volume in the undeformed configuration,

μi, αi and D are material parameters, J is the volume ratio, �λi is the deviatoric principal

stretch which is related to the principal stretch λi by �λi ¼ J−
1
3λi.

Nowadays, the Ogden model has been widely used to describe the mechanical re-

sponses of the soft tissues ex vivo [13-18] and in vivo [19-22] including cornea [13] , ar-

tery [14], liver [15], brain tissue [16], placenta tissue [17], spinal cord white matter [18],

skin [20], skeletal muscle [22] and so on.
Table 1 Element numbers for all six finite element models

Specimen Iris Cornea Lens

CAX4RH CAX3 CAX4RH CAX3 CAX4RH CAX3

1 866 25 2514 45 2972 89

2 822 14 2385 40 788 23

3 552 13 2755 69 2681 69

4 799 18 1808 36 572 11

5 685 14 1727 27 2386 66

6 708 14 2129 50 1872 44
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In our study the iris was treated as incompressible second order Ogden model, and

the FE model of the anterior chamber is axisymmetric, so D = 1E-6, the material pa-

rameters of the in vivo iris are μ1, α1, μ2, and α2 to be determined.

The cornea was modeled as a linear elastic solid (E = 19.8 MPa, ν = 0.49 [34]).

When the IOP increased in the anterior chamber, the pupillary margin segment of

the iris would come into contact with the anterior lens surface, so contact analysis be-

tween the lens and the iris was performed with the friction coefficient equal to 0.1. The

boundary condition for the limbus was specified by fixing the lower surface. The iris

root was tied with the cornea.

The lens is located in front of the vitreous body filled with a hydrogel [35] whose

modulus of is less than 10 Pa [36,37]. Besides, the lens is connected with the circular

zonulas [38,39]. When the pressure differential between the anterior chamber and pos-

terior chamber increased, the circular ciliary zonulas deformed largely which lead to

the backward movement of the lens. Therefore, the lens was taken as a rigid body and

allowed to move only in the Y direction (Ux = Uz = 0.0). The moving distance of the

lens was determined by the anterior chamber depth and the deformation of the cornea.

As the apical rise of the cornea varied little when IOP was more than 15 mmHg [40],

the moving distance was equal to the change of the anterior chamber depth. In the fi-

nite element model, the lens was subjected to the displacement constraints with the

same amplitude as the moving distance of the lens at the current IOP level, which

could be calculated as the linear relationship [41] between the anterior chamber and

IOP was obtained, shown in Figure 4.

Pressure differential between the anterior chamber and posterior chamber was nu-

merically applied to the anterior surface of the iris as a uniform pressure until the pres-

sure differential reached 25 mmHg.

The inverse method

Material parameters of the iris were identified using an inverse method, where an ob-

jective functional was set to quantify the difference between the finite element simula-

tion and the experimental measurements. Material parameters were determined by

minimized the value of the objective functional. The objective functional was

ε ¼ 1
N

XN

n¼1

XP

p¼1

uexp−usim
� �2 ð2Þ
Figure 4 A serial of images during perfusion with the marked anterior chamber depth. The IOP
increased the anterior chamber was deeper and the lens moved backward. From (a)-(d), the anterior
chamber depths were 2.634 mm, 2.681 mm, 2.717 mm and 2.758 mm with the pressure differentials
0 mmHg, 9.12 mmHg, 17.15 mmHg and 25.39 mmHg, respectively between the anterior chamber and
posterior chamber.



Table 2 Multi-island genetic algorithm parameters
Parameter Value

Number of islands 2

Number of generations 10

Size of populations 25

Crossover rate 1

Mutation rate 0.01

Migration rate 0.01

Migration interval 5

Figure 5 Flow chart of the inverse method. Before running, initial parameters were set including the
specifications for the MIGA and initial material parameters of the in vivo iris, and the experimental results
were input. Then the optimal strategy the MIGA was adopted to produce new material parameters, using
the new parameters the software ABQUS calculated model-stimulated results of the displacement in Y
direction. According to Formula 2, the value of the objective functional was calculated. Thus one run is over.
When the generation reached its maximum number, the optimization would end. Finally the minimum
value of the objective functional was got by comparison, responding material parameters were determined
which were also called the material parameters of the in vivo iris.
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Table 3 Model parameters results identified using the inverse method

Set μ1 (MPa) α1 μ2 α2 ε (mm2)

1 0.0926 63.2979 0.0976 38.8014 0.0063

2 0.0712 50.3635 0.0444 38.6162 0.0106

3 0.0889 60.0838 0.0725 58.9632 0.0099

4 0.0919 58.3259 0.0972 73.9501 0.0046

5 0.0889 30.1758 0.0671 46.7475 0.0275

6 0.0829 63.2808 0.0735 31.3513 0.0006

Mean 0.0861 54.2546 0.0754 48.0716

Standard deviation 0.0080 12.7180 0.0200 15.7796
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Where uexp, usim are the experimental and model displacements in Y direction, re-

spectively, at surface node n and an IOP level of P, N is the total number of surface

nodes and P is the total number of IOP levels.

As an optimization algorithm, the multi-island genetic algorithm (MIGA) is a global

search optimization search technique. In MIGA each population of individuals is di-

vided into several islands on which all traditional genetic operations are performed sep-

arately including selection, crossover and mutation, individuals among the islands can

migrate. This approach leads to the Pareto optimum solution in the most efficient man-

ner [42]. The specifications for the MIGA algorithm were shown in Table 2. For one

optimization 500 runs were performed.

The inverse method was performed as shown in Figure 5, before running, initial pa-

rameters were set including the specifications for the MIGA and initial material param-

eters of the in vivo iris, and the experimental results were input. Then the optimal

strategy the MIGA was adopted to produce new material parameters, using the new pa-

rameters the software ABQUS calculated model-stimulated results of the displacement

in Y direction. According to Formula 2, the value of the objective functional was calcu-

lated. Thus one run is over. When the generation reached its maximum number, the

optimization would end. Finally the minimum value of the objective functional was got

by comparison, responding material parameters were determined which were also

called the material parameters of the in vivo iris.

Results
Material parameters of 6 specimens identified and values of the objective functional were

listed in Table 3. For all specimens the objective function values were less than 0.0275 mm2.

Values of the material parameters μ1, α1, μ2, and α2 were 0.0861 ± 0.0080 MPa, 54.2546 ±

12.7180, 0.0754 ± 0.0200 MPa, and 48.0716 ± 15.7796 respectively.

Figure 6 depicts both experimentally-measured and model-predicted displacement

amplitude in Y direction for all 6 specimens. The displacement predicted by the finite

element model captured the trend of the experiment’s results well.

Discussion
Stability analysis

The stability analysis is important for an inverse method because the experiment errors

are inevitable. In this paper, specimen 1 was selected following randomization, up to 10%



Figure 6 Comparison of experimentally-measured and model-simulated displacements (in mm) in Y
direction for all 6 specimens at one characteristic point. (a)- (f) Displacement amplitude comparison at
one certain point for Specimen 1 to 6.

Zhang et al. BioMedical Engineering OnLine 2014, 13:66 Page 9 of 13
http://www.biomedical-engineering-online.com/content/13/1/66
random error was introduced to simulate the experimental error, the materials parameters

were identified and compared with the original results. We named the initial parameters

as set 1 and three sets of new parameters as set 2 to set 4, shown in Table 4. The results



Table 4 Identified parameters for stability analysis

Set μ1 (MPa) α1 μ2(MPa) α2
1 0.0926 63.2979 0.0976 38.8014

2 0.0960 64.3597 0.0951 31.3256

3 0.0987 60.8476 0.0986 41.5219

4 0.0892 66.0751 0.0914 43.9883
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showed most parameters changed less than 8%, only α2 in set 2 and set 4 varied over 10%.

Therefore, the multi-island genetic algorithm coupled with the FE method was feasible to

determine the mechanical properties of the iris based on the in vivo experiment.
Parameter sensitivity analysis

Parameter sensitivity analysis was performed to study the effect of variations in the ma-

terials parameters on the mechanical response. Specimen 2 was chosen to perform par-

ameter sensitivity analysis following randomization. Materials parameters of specimen

2 in Table 3 were used as the baseline. The parameters varied one-by-one by ±25%
Figure 7 Displacement amplitude of the characteristic points as a function of pressure differential
comparing the effects of a ±25% variation in the material parameters. (a) the parameter μ1, (b) the
parameter α1, (c) the parameter μ2, (d) the parameter α2.
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from the baseline. The results were plotted in Figure 7 for the displacement amplitude

in Y direction for one characteristic point. The displacement magnitude increased as

the parameters increased. The displacement response was most sensitive to the param-

eter α1, more to μ1 at pressure differentials between the anterior chamber and posterior

chamber more than 10 mmHg, less to parameters α2, and μ2 whether at higher or lower

pressure differentials.
Limitation

This research had some limitations. There are displacements for the iris in three direc-

tions when the pressure differential between the anterior chamber and posterior chamber

was applied on the anterior surface of the iris. Considering the iris is an axisymmetric

structure, only displacements in two directions are needed to consider. We found dis-

placement in Y direction was more sensitive to the pressure differential than in X direc-

tion in the experiment, shown in Figure 4. Therefore, it is reasonable to use the

displacements in Y direction to determine the material parameters in our research.
Conclusion
Acute hypertension could be induced by rapid perfusion to the anterior chamber with

the iris morphology changes which could be quantified by image processing and ana-

lysis based on the ultrasonic images of the anterior chamber. Mechanical properties of

the iris in vivo could be determined using the multi-island genetic algorithm coupled

with the finite element method by minimizing the difference between the finite element

simulation and the experimental measurements.

In the paper, the iris was considered as an elastic material, in fact the iris is a visco-

elastic material [6]. As induction time of the acute ocular hypertension was less than

1 minute in our experiment, the iris showed little viscoelastic response in such a short

time, it is valid to consider the iris as a nearly incompressible elastic solid.

In our research the multi-island genetic algorithm coupled with the FE method was

verified to determine the mechanical properties of the iris in vivo, individual differences

in animals lead to dispersion of the material parameters among the specimens. This

method may be used to determine the material parameters for human eyes as medical

images by the AS-OCT and UBM could help us construct a realistic model of an indi-

vidual’s anterior segment. Therefore, obtaining images of the anterior chamber at differ-

ent IOP levels becomes the prerequisite, provocation tests may be redesigned and

developed to induce artificial elevation of the IOP for the future work.
Abbreviations
IOP: Intraocular pressure; UBM: Ultrasonic biomicroscopy; AS-OCT: Anterior segment ocular coherence tomography;
FE: Finite element; MIGA: Multi-island genetic algorithm.
Competing interests
The authors declare that have no competing interests.
Authors’ contributions
KZ conducted the in vivo experiments, constructed the finite element model, carried out the optimization work and
drafted the manuscript. XQ participated in the numerical simulations, the optimization work and helped to draft the
manuscript. MX participated in the animal experiments. CZ conceived of the study design and draft the manuscript.
All authors read and approved the final manuscript.



Zhang et al. BioMedical Engineering OnLine 2014, 13:66 Page 12 of 13
http://www.biomedical-engineering-online.com/content/13/1/66
Acknowledgements
This work was financially supported by National Natural Science Foundation of China Nos. 11102123 and 31070840,
the Natural Science Foundation of Beijing No. 3122010, funding project for Academic Human Resources Development
in Institutions of Higher Learning under the Jurisdiction of Beijing Municipality No. PHR 201110506.

Received: 30 December 2013 Accepted: 23 May 2014
Published: 30 May 2014

References

1. Curran EJ: A new operation for glaucoma involving a new principle in the aetiology and treatment of chronic

primary glaucoma. Arch Ophthalmol 1920, 49:131–155.
2. Niyadurupola N, Broadway DC: Pigment dispersion syndrome and pigmentary glaucoma - a major review.

Clin Exp Ophthalmol 2008, 36:868–882.
3. Heys J, Barocas VH: Mechanical characterization of the bovine iris. J. Biomech 1999, 32:999–1003.
4. Whitcomb JE, Barnett V, Olsen TW, Barocas VH: Ex vivo porcine iris stiffening due to drug stimulation. Exp Eye Res

2009, 89:456–461.
5. Lei Y, Zhang K, Chen C, Song H, Li T, Lin D, Liu Z: Experimental research on the mechanical properties of

porcine iris. Clin Biomech 2008, 23:S83–S87.
6. Whitcomb JE, Amini R, Simha NK, Barocas VH: Anterior–posterior asymmetry in iris mechanics measured by

indentation. Exp Eye Res 2011, 93:475–481.
7. Yoo L, Reed J, Shin A, Kung J, Gimzewski JK, Poukens V, Goldberg RA, Mancini R, Taban M, Moy R: Characterization of

ocular tissues using microindentation and hertzian viscoelastic models. Invest Ophthalmol Vis Sci 2011, 52:3475–3482.
8. Tabandeh H, Thompson GM, Kon C, Bolton T: Phenylephrine and pilocarpine in the treatment of post-operative

irido-corneal adhesion. Eye 1995, 9:452–455.
9. Yamaji K, Yoshitomi T, Usui S, Ohnishi Y: Mechanical properties of the rabbit iris smooth muscles. Vis Res 2003,

43:479–487.
10. Jin Y, Xue-Feng B, Xiu-Qing Q, Qian W, Wang Jian-Xia L, Jin-Qiu QH-Y, Zhi-Cheng L: Measuring iris elastic modulus

based on holistic iris deformation experiment. J Med Biomech 2010, 25:182–185.
11. Jouzdani S: Biomechanical characterization and computational modeling of the anterior eye. Dissertation of

the University of Minnesota 2003, 85–117.
12. Manickam K, Machireddy RR, Seshadri S: Characterization of biomechanical properties of agar based tissue

mimicking phantoms for ultrasound stiffness imaging techniques. J Mech Behav Biomed 2014, 35:132–143.
13. Elsheikh A, Kassem W, Jones SW: Strain-rate sensitivity of porcine and ovine corneas. Acta Bioeng Biomech 2011,

13:25–36.
14. Karimi A, Navidbakhsh M, Alizadeh M, Shojaei A: A comparative study on the mechanical properties of the

umbilical vein and umbilical artery under uniaxial loading. Artery Res 2014, 8:51–56.
15. Untaroiun CD, Lu YC: Material characterization of liver parenchyma using specimen-specific finite element

models. J Mech Behav Biomed 2013, 26:11–22.
16. Rashid B, Destrade M, Gilchrist MD: Mechanical characterization of brain tissue in compression at dynamic

strain rates. J Mech Behav Biomed 2012, 10:23–38.
17. Jingwen H, Klinich KD, Miller CS, Nazmi G, Pearlman MD, Schneider LW, Rupp JD: Quantifying dynamic mechanical

properties of human placenta tissue using optimization techniques with specimen-specific finite-element
models. J. Biomech 2009, 42:2528–2534.

18. Sparrey CJ, Keaveny TM: Compression behavior of porcine spinal cord white matter. J. Biomech 2011, 44:1078–1082.
19. Martínez-Martínez F, Rupérez MJ, Martín-Guerrero JD, Monserrata C, Lago MA, Pareja E, Bruggerc S, López-Andújar

R: Estimation of the elastic parameters of human liver biomechanical models by means of medical images
and evolutionary computation. Comput Meth Prog Bio 2013, 111:537–549.

20. Flynn C, Taberner AJ, Nielsen PMF, Fels S: Simulating the three-dimensional deformation of in vivo facial skin.
J Mech Behav Biomed 2013, 28:484–494.

21. Koo TK, Cohen JH, Zheng Y: A mechano-acoustic indentor system for in vivo measurement of nonlinear elastic
properties of soft tissue. J Manip Physiol Ther 2011, 34:584–593.

22. Bosboom EMH, Hesselink MKC, Oomens CWJ, Bouten CVC, Drost MR, Baaijens FPT: Passive transverse mechanical
properties of skeletal muscle under in vivo compression. J. Biomech 2001, 34:1365–1368.

23. Brinkhues S, Klawonn A, Rheinbach O, Schröder J: Augmented Lagrange methods for quasi- incompressible
materials- Applications to soft biological tissue. Int J Numer Meth Biomed Engng 2013, 29:332–350.

24. Horgan CO, Murphy JG: Simple shearing of soft biological tissues. Proc R Soc A 2011, 467:760–777.
25. Harb N, Labed N, Domaszewski M, Peyraut F: A new parameter identification method of soft biological tissue

combining genetic algorithm with analytical optimization. Comput Method Appl M 2011, 200:208–215.
26. Aptel F, Denis P: Optical Coherence Tomography quantitative analysis of iris volume changes after

pharmacologic mydriasis. Ophthalmol 2010, 117:3–10.
27. Moran CM, Pye SD, Ellis W, Janeczko A, Morris KD, McNeilly AS, Fraser HM: A comparison of the imaging

performance of high resolution ultrasound scanners for preclinical imaging. Ultrasound Med Biol 2011, 37:493–501.
28. Sampaolesi R, Sampaolesi JR, Zárate J: The Glaucomas. Berlin Heidelberg: Springer-Verlag; 2014:294–295.
29. Silver DM, Quigley HA: Aqueous flow through the iris-lens channel: estimates of differential pressure between

the anterior and posterior chambers. J Glaucoma 2004, 13:100–107.
30. Amini R, Barocas VH: Anterior chamber angle opening during corneoscleral indentation: the mechanism of

whole Eye globe deformation and the importance of the limbus. Invest Ophthalmol Vis Sci 2009, 50:5288–5294.
31. Crowder TR, Ervin VJ: Numerical simulations of fluid pressure in the human eye. Appl Math Comput 2013,

219:11119–11133.
32. Ogden RW: Large deformation isotropic elasticity on the correlation of theory and experiment for

incompressible rubberlike solids. Proc R Soc Lond A 1972, 326:565–584.



Zhang et al. BioMedical Engineering OnLine 2014, 13:66 Page 13 of 13
http://www.biomedical-engineering-online.com/content/13/1/66
33. Ogden RW, Nearly isochoric elastic deformations: Application to rubberlike solids. J Mech Phys Solids 1978,
26:37–57.

34. Hjortdal JO: Regional elastic performance of the human cornea. J Biomech 1996, 29:931–942.
35. Tahija S, Hong Y, Vijayasekaran S, Constable IJ: Synthetic polymers as materials for artificial vitreous body:

review and recent advances. J Biomater Appl 1994, 9:121–137.
36. Bettelheim FA, Wang TJY: Dynamic viscoelastic properties of bovine vitreous. Exp Eye Res 1976, 23:435–441.
37. Zimmerman RL, Instituto De Fisica e Quimica De So Carlos: In vivo measurements of the viscoelasticity of the

human vitreous humor. Biophys J 1980, 29:539–544.
38. Albrecht M, Eisner G: The hyalo-capsular zonula. Graefe's Arch Clin Exp Ophthalmol 1982, 218:88–92.
39. Liu Z, Wang B, Xiuying X, Wang C: A study for accommodating the human crystalline lens by finite element

simulation. Comput Med Imag Grap 2006, 30:371–376.
40. Kling S, Remon L, Pe´rez-Escudero A, Merayo-Lloves J, Marcos S: Corneal biomechanical changes after collagen

cross-linking from porcine eye inflation experiments. Invest Ophthalmol Vis Sci 2010, 51:3961–3968.
41. He L, Wendt M, Glasser A: Manipulation of intraocular pressure for studying the effects on accommodation.

Exp Eye Res 2012, 102:76–84.
42. Hefazi H, Mizine I, Schmitz A, Klomparens S, Wiley S: Multidisciplinary synthesis optimization process in

multihull ship design. Naval Eng J 2010, 3:29–47.
doi:10.1186/1475-925X-13-66
Cite this article as: Zhang et al.: An inverse method to determine the mechanical properties of the iris in vivo.
BioMedical Engineering OnLine 2014 13:66.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Material and methods
	Results
	Conclusion

	Background
	Material and methods
	Animal experiment
	Experimental animal

	Experimental procedure
	Image processing and analysis
	Construction of the finite element model
	The inverse method

	Results
	Discussion
	Stability analysis
	Parameter sensitivity analysis
	Limitation

	Conclusion
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

