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Abstract

Purpose: Despite presumed relevance to ocular diseases, the viscoelastic properties of the 

posterior human eye have not been evaluated in detail. We performed creep testing to characterize 

the viscoelastic properties of ocular regions, including the sclera, optic nerve (ON) and ON sheath.

Methods: We tested 10 pairs of postmortem human eyes of average age 77 ± 17 years, consisting 

of 5 males and 5 females. Except for the ON that was tested in native shape, tissues were trimmed 

into rectangles. With physiologic temperature and constant wetting, tissues were rapidly loaded 

to tensile stress that was maintained by servo feedback as length was monitored for 1,500 sec. 

Relaxation modulus was computed using Prony series, and Deborah numbers estimated for times 

scales of physiological eye movements.

Results: Correlation between creep rate and applied stress level was negligible for all 

tissues, permitting description as linear viscoelastic materials characterized by lumped parameter 

compliance equations for limiting behaviors. The ON was the most compliant, and anterior sclera 

least compliant, with similar intermediate values for posterior sclera and ON sheath. Sensitivity 

analysis demonstrated that linear behavior eventually become dominant after long time. For the 

range of typical pursuit tracking, all tissues exhibit Debora numbers less than 75, and should 

be regarded as viscoelastic. With a 6.7 Deborah number, this is especially so for the ON during 

pursuit and convergence.

Conclusions: Posterior ocular tissues exhibit creep consistent with linear viscoelasticity 

necessary for describing biomechanical behavior of the ON, its sheath, and sclera during 

physiological eye movements and eccentric ocular fixations.
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1. Introduction

Although most ocular functions are tested clinically when at seemingly at rest, the eye is a 

highly dynamic organ that must undergo one to two micro-saccades per second, interspersed 

with drifts and other fixational eye movements, in order to avoid perceptual fading and 

optimize vision (Ghasia and Wang, 2022). The eye’s nearly incessant motion (Kowler, 

2011) represents a source of stresses and strains on ocular tissues, so it is important to 

understand the viscoelastic properties of the human eye and orbital tissues (Boote et al., 

2020). One such viscoelastic characterization is creep, time-dependent inelastic deformation 

under maintained force that causes an increase in tissue rest length that may be considered a 

kind of permanent stretching (Blum et al., 2002). Some creep data have been published for 

human sclera and cornea (McBrien et al., 2009; Shchukin et al., 1998; Yoo et al., 2011b), 

chicken sclera (Lewis et al., 2014), and bovine extraocular muscles (Yoo et al., 2011a), and 

sclera (Myers et al., 2010b). However, creep of the optic nerve (ON) and its sheath have 

not been explored, to our knowledge. Characterization of creep for human posterior ocular 

tissues (Campbell et al., 2014) has become particularly important as it has recently become 

recognized that the ON constitutes a mechanical load on the eye during ductions that may 

contribute to development of myopia (Chang et al., 2017; McFadden and Wildsoet, 2020; 

Phillips et al., 2000) and optic neuropathy (Clark et al., 2020; Demer et al., 2017, 2020).

Whole eye inflation has been used for study of scleral creep because pressure can be 

uniformly applied to the entire intact eye (Lewis et al., 2014; Myers et al., 2010a; Myers 

et al., 2010b). However, this approach is unsuitable for the ON and its surrounding sheath. 

Acoustic methods have been developed to probe viscoelastic ocular tissue properties (Han et 

al., 2017; Ramier et al., 2019), but technical challenges for in vivo application to posterior 

ocular regions are substantial (Zvietcovich and Larin, 2022). Because of high attenuation, 

such high ultrasound intensity is necessary to image the posterior segment and orbit that 

human safety concerns limit available methods (Li et al., 2021). We therefore investigated 

ocular viscoelastic by uniaxial creep testing of fresh postmortem human tissues including 

sclera, ON, and the ON sheath.

Depending on material properties, the time and stress can be independent variables for a 

creep function (Provenzano et al., 2001). When creep is independent of stress level, the 

material is considered to exhibit linear viscoelasticity. A model consisting of springs and 

dashpots can describe viscoelastic properties of linear viscoelastic solids (De Pascalis et al., 

2014), although individual elements of such a model need not have particular anatomical 

of physiological meaning. Nonlinear viscoelastic solids have been analyzed by formulations 

including Schapery’s quasilinear viscoelasticity method (Schapery, 1969, 1992), and time-

temperature-stress superposition (Luo et al., 2007a; Luo et al., 2007b). We hypothesized 

that sclera, ON, and ON sheath can be described by linear viscoelasticity, and if so, can 

be described by a lumped parameter model (Mattei and Ahluwalia, 2019) for compliance 
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of each tissue. We sought to determine if resulting empirical fits are reliable, and therefore 

useful to predict relaxation behavior.

2. Methods

2.1 Experimental Apparatus.

We constructed a tensile load cell with closed-loop control system to elongate tissues with 

a constant force inside a physiologically controlled chamber. The system consists of a 

linear motor (Ibex Engineering, Newbury Park, CA) having 100 mm/s maximum speed, a 

quadrature optical position encoder having 1 nm resolution, and a sensitive force sensor 

(LSB200, FUTEK, Irvine, CA) having 5 mN resolution. Via a frictionless air bearing, the 

linear motor shaft was coupled to a rod passing through a frictionless air bearing and 

attached at its distal end to a clamp for tightly gripping soft tissues within an environmental 

chamber maintaining approximately physiological temperature and humidity. Photographs 

of the apparatus have been published (Shin et al., 2018; Shin et al., 2015). The position, 

velocity, and acceleration of the actuator were independently controlled via custom software 

via digital serial communication to enable rapid application followed by closed-loop control 

of tension on the specimen. Measured force noise was reduced using a moving average 

filter with a 64 ms window. To maintain physiologic humidity and temperature, specimens 

were loaded in a nearly closed chamber in humid air above a heated water bath regulated 

to control air temperature near the specimen at 37C° measured by a thermocouple. Ringer’s 

lactate solution (B. Braun Medical Inc., Bethlehem, PA, USA) warmed to bath temperature 

was continuously dripped onto the tissues to assure constant hydration. Dropwise liquid 

application did not produce detectable disturbance on the force sensor or linear motor.

2.2 Specimen Preparation.

Ten pairs of postmortem, Caucasian human eyes of average age 77 ± 17 years (5 male 

and 5 female) were harvested within 9 ± 5 hours of death by the Lions Gift of Sight 

Eye Bank (Saint Paul, MN, USA), air shipped on ice to the laboratory within 2 to 3 days 

postmortem, and processed as elsewhere described in detail (Park et al., 2021). Tissues were 

constantly moisturized with Ringer’s lactate solution to prevent dehydration. Briefly, eyes 

were dissected into specimens of anterior, equatorial, posterior, and peripapillary sclera; 

ON; and ON sheath. Most tissues were shaped into rectangular specimens approximately 

6 mm long by 2 mm wide with original thickness measured by a digital caliper (Mitutoyo 

Co., Kawasaki, Japan) so that cross sectional area was known for each specimen. For 

tensile loading, peripapillary sclera was oriented circumferentially to the optic disc. 

Since preliminary testing indicated that orientation of all other scleral specimens did not 

appreciably influence findings, equal numbers of specimens for each location were oriented 

radially and circumferentially. Specimens of ON and ON sheath were oriented to the long 

dimension of each tissue. In order to prevent slippage of ON and ON sheath specimens in 

the clamp, their ends were glued with cyanoacrylate to thin cardboard at each end.

2.3 Creep Testing.

Because human sclera is nearly isotropic (Eilaghi et al., 2010), we assumed isotopy and 

employed uniaxial loading. Preconditioning refers to initial cyclic loading to release stresses 
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resulting from specimen preparation and facilitate repeatable mechanical responses of 

biological tissues (Fung, 1973; Mainardi and Spada, 2011). Since we previously found 

that at least four loading cycles are required f or ocular tissues (Park et al., 2021), we 

preconditioned the tissues with 6 cycles at 5% strain. The force required to achieve 5% 

strain for the initial preconditioning cycle was recorded and served as target force for the 

remaining five preconditioning cycles and the entire creep trial. After preconditioning, the 

controller rapidly increased tension at strain rate 0.02 sec−1 until attaining 75% of target 

force, after which the rate of tension increase was reduced to avoid overshooting target force 

that was then maintained by negative feedback control at the target level. Target force was 

thus achieved within 2–3 sec after which it was maintained stable for 1,500 sec as force and 

displacement were sampled at 5 Hertz. This rate resulted in sampled 7,500 time points for 

each trial, and was sufficient to characterize relaxation times that all exceeded 5 sec.

2.4. Linearity of Viscoelasticity Theory.

To ascertain if linear viscoelasticity is appropriate, we compared the creep for the same 

regions under different stress levels. When tissues have linear viscoelasticity, creep patterns 

are independent of stress levels. If this is the case, then compliance J(t), strain normalized by 

stress level, can be represented as a simple exponential function of time.

J t = ε
σ = atn

(1)

where ε is strain, σ is applied stress, a is an arbitrary constant, t is time, and n is a curve 

fitting exponent. As a test for linear viscoelasticity, we determined exponent n as a function 

of stress magnitude by curve fitting for each specimen (Figure 1). The finding of a constant 

n value over the stress range would confirm linearity with respect to stress.

2.5. Time Dependence of Viscoelasticity.

The time dependence of a material within the linear viscoelastic range (Mattei and 

Ahluwalia, 2019) can be modeled as a combination of Maxwell and Kelvin-Voigt models 

(Ellard et al., 1986) (Byrne and Chaplain, 1996). Thus, the following expression described 

compliance J(t):

J t = a1t + a2 − a3e− t
a4 − a5e− t

a6 − a7e− t
a8

(2)

where a1, a2, a3, a4, a5, a6, a7, and a8 are coefficients that are estimated by curve fitting. The 

curve fitting was performed by using the fmincon function in the MATLAB Optimization 

toolbox (MathWorks, Natick, MA, USA). No particular physical meaning is attributable to 

individual coefficients. Since Equation 2 does not assure that combinations of coefficients 

represent unique solutions, but only a sufficient description of compliance.
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2.6. Sensitivity Analysis.

We performed a sensitivity analysis of compliance Equation 2 to variations in individual 

parameters. Average compliance was computed as its time integral divided by observation 

time. Sensitivity of average compliance to each individually varied parameter was computed 

as the rate of change of average compliance relative to that parameter.

2.7. Characteristic Time

Characteristic Time is defined by the temporal change in compliance, which is proportional 

to strain (Eqn. 1) since stress was held constant during testing. Therefore characteristic 

was conveniently determined from the time to for strain reach asymptote. By curve fitting, 

we obtained coefficients a1 and a2 for compliance in Equation 2 that reduces to a linear 

equation. We defined the characteristic time as the time when the difference between the 

linear equation and the measured compliance curve first declined to less than 5%.

2.8. Reduced Relaxation Function.

We estimated the reduced relaxation function from creep testing by using the Prony 

series (Loy et al., 2015). Curve fitting can approximate compliance in the form of 

J t = a1t + a2 − a3e− t
a4 − a5e− t

a6 − a7e− t
a8 . Relaxation modulus GR t  is related to compliance 

as follows: ∫0
tGR t − τ J τ dτ = t. Since the relaxation modulus GR t  can be represented in the 

form of GR t = g1e−t/τ1 + g2e−t/τ2 + g3e−t/τ3 + g4e−t/τ4, Substitution of the Prony series into the 

convolution equation gives the expanded equation.

∫
0

t

∑
i = 1

4
gie− t − τ

τi a1τ + a2 − a3e− τ
a4 − a5e− τ

a6 − a7e− τ
a8 dτ = t

(3)

The equation can be converted into the form below, and integration by parts simplifies the 

equation.

∑
i = 1

4 ∫
0

t
gie− t − τ

τi a1τ + a2 − a3e− τ
a4 − a5e− τ

a6 − a7e− τ
a8 dτ = t

(4)

a1I1 t, gi, τi + a2I2 t, gi, τi − ∑
i = 1

3
a2i + 1 ∑

j = 1

4
Kj = t

(5)

I1 = ∑
i = 1

4
gi tτie

t
τi + τi

2 e
t
τi − 1 e−t/τi
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(6)

I2 = ∑
i = 1

4
giτie− t

τi e
t
τi − 1

(7)

Kj = ∑
j = 1

4
gje− t

τj
1
τj

− 1
a2i + 2

−1
e

1
τj

− 1
a2i + 2

−1
t − 1

(8)

The undetermined coefficients g1, g2, g3, g4, τ1, τ2, τ3, and τ4 were determined by the 

interior-point method (Mehrotra, 1992), which is a numerical scheme for nonlinear 

optimization. Then the time for GR t  to decline to e−1 was taken to be the relaxation time. 

The ratio of the relaxation time to the observation time is the Deborah number (Huilgol, 

1975; Reiner, 1964), a rheological term describing material fluidity relative to time scale of 

the process or behavior under consideration. The observation time for any Deborah number 

is not determined by the duration of the experiment performed, but by the interval relevant 

to the particular behavior. Therefore, in the current case the Deborah number depends on 

both the creep relaxation time, and the dynamics of the particular process or behavior under 

consideration. Observation times for relevant biological processes and behaviors are cited 

here from published data.

3. Results

3.1 Linearity.

To determine if tissues exhibit linear viscoelasticity, we performed linearity testing shown 

in Figure 1. Each point in the scatter plot represents the exponent describing creep 

for one specimen at stress level normalized to its maximum. We calculated Pearson’s 

correlation coefficients for the relationship between these exponents and stress magnitudes. 

Correlation coefficients were 0.220, −0.229, 0.233, 0.146, 0.084, and 0.243, respectively, 

for the anterior, equatorial, posterior, peripapillary sclera, ON, and ON sheath. These 

correlation coefficients represent negligible correlations (Mukaka, 2012), so the tissues can 

be considered linearly viscoelastic.

3.2. Compliance Using Linear Viscoelasticity.

The data in Figure 2 illustrate that the ON is the most compliant of all tissues tested, 

whereas anterior sclera is the least compliant. The ON is much more compliant than 

its sheath. Equatorial sclera is the most compliant scleral region. Having verified linear 

viscoelasticity, we applied the lumped parameter model of Equation 2 to each tissue region 

(Figure 2), obtaining nonlinear coefficients of determination R2 in every case of at least 

0.998 that represents excellent fitting. Table 1 lists the fitted coefficients.
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3.3. Sensitivity Analysis for Relaxation Coefficients.

To understand the significance of each coefficient in Equation 2, we calculated the relative 

changes of area under the compliance curve resulting from adjusting each coefficient 

individually. Increases by 20% in coefficients a1, a2, a3, a4, a5, a6, a7, and a8, areas under the 

curve changed by 6.2 ± 0.8%, 15.1 ± 1.7%, 0.33 ± 0.45%, 0.28 ± 0.37%, 0.25 ± 0.16%, 0.21 

± 0.13%, 0.76 ± 1.21%, and 0.60 ± 0.93% across all the specimens (Figure 3). Variations of 

coefficients a1 and a2 thus significantly affect areas under the compliance curve (Figure 3), 

whereas the remaining coefficients contribute little to variations in compliance.

The compliance curves therefore represent limiting behaviors after sufficient time, when 

behavior becomes dominantly linear and described by coefficients a1 and a2. We defined 

the creep characteristic time as the first time that the compliance curve approximates a 

linear approximation within 5%. The creep characteristic times for anterior, equatorial, 

posterior, peripapillary sclera, ON, and ON sheath are 193, 384, 341, 488, 984, and 256 sec, 

respectively. No characteristic time exceeded 1,500 sec. Because the compliance curves 

can be linearly approximated, we concluded that the observation time for these creep 

experiments was sufficient to describe the creep behaviors.

3.4. Derived Relaxation and Its Meaning.

Using the Prony series (Loy et al., 2015), we estimated reduced relaxation modulus (Sorvari 

and Malinen, 2006) for each region (Figure 4). We also defined the relaxation time for 

the relaxation modulus to decrease by a factor of e−1, and the Deborah number that is the 

ratio of the stress relaxation time to the observation time or duration of an event (Huilgol, 

1975; Reiner, 1964). The relaxation times for anterior, equatorial, posterior, peripapillary 

sclera, ON, and ON sheath are 73, 30, 35, 27, 5.6, and 25 sec, respectively. For heuristic 

purposes, we calculated example Deborah numbers for typical human pursuit tracking at 

30°/s as an event lasting 1 sec; and for typical 10° and 40° saccades as events lasting 50 

and 70 msec (Robinson, 2022), respectively. For these examples, we calculated illustrative 

Deborah numbers for anterior, equatorial, posterior, peripapillary sclera, ON, and ON sheath 

(Table 2). These numbers are not intended to be precise, but to indicate ranges or orders 

of magnitude to provide general insight about the importance of viscoelasticity during 

physiological eye movements. High Deborah numbers imply that the materials behave like 

solids, and conversely, low numbers imply fluid-like behavior. For pursuit tracking, all 

tissues exhibit Debora numbers less than 75, and should be regarded as viscoelastic. With a 

5.6 Deborah number, the ON is particularly viscoelastic during slow eye movements such as 

pursuit and convergence, but viscoelasticity is also evident during these eye movements for 

ON sheath, and all scleral regions except for much anterior sclera.

4. Discussion

4.1. Context of Findings.

The visual system is inherently both sensory and motor. During fixation, an onging series 

of small saccades prevents perceptual fading and contribute to vision (Costela et al., 2013; 

McCamy et al., 2012). Larger saccades occur during wakefulness (Wu et al., 2013) and 

sleep (Leclair-Visonneau et al., 2010), and can be as large as 55° and as rapid as several 
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hundred degrees per second (Guitton and Volle, 1987). During free head and body motion, 

25–45° saccades are observed (Anastasopoulos et al., 2009). With rare exceptions (David 

et al., 1997; Li et al., 2020; Suh et al., 2021), behavior of posterior ocular tissues has not 

been modeled during eye movements, largely because of the dearth of data on viscoelastic 

properties of these tissues. The present study demonstrates using creep testing that sclera, 

ON, and ON sheath have linear viscoelastic properties roughly independent of stress level. 

Not surprisingly, the ON is the most compliant tissue, and anterior sclera the least compliant. 

Compliance of posterior sclera and ON sheath are similar, as seemingly necessary to avoid 

marked mechanical discontinuities at their junction in the peripapillary region. Both of these 

tissues have much lower compliance than the highly compliant ON, presumably to provide 

strain relief to protect the soft ON from the forces generated by eye movements (East et al., 

2019; Luchette et al., 2022).

4.2. Time Scaling of Ocular Compliance.

Compliance can be roughly judged by coefficient a2 in Equation 2. By this measure, the 

ON is by far the most compliant, following by peripapillary sclera to which the ON joins 

at the optic disc. Compliances of the ON sheath, and posterior and equatorial sclera are 

less but closely matched, as would be expected to avoid stress discontinuities at their 

junction. Compliance is least for anterior sclera, as would be expected to support its role 

in stabilizing the optically critical cornea. Both ON and peripapillary sclera have relatively 

large coefficients a1 and a2 that represent fluid-like creep, as well as low Deborah numbers 

during even brief physiological eye movements that indicate tendency towards flow rather 

than rigidity. This is understandable for the ON with its soft neural tissue mixed with a 

sparser matrix of connective (Karim et al., 2004), and matching of the properties of its 

terminal junction with the eye to avoid stress concentration at material boundaries. However, 

since many eye movements end in sustained eccentric eye fixations or convergence for more 

than tens of seconds, viscoelastic effects become increasingly important at these longer time 

scales, even for stiffer scleral tissues. Compressive creep also exists (Yoo et al., 2011c), 

differing from tensile creep behavior (Yoon et al., 2000). Compressive creep studies of 

ocular tissues would also be worthwhile.

4.3 Comparison with Literature.

Prior studies have investigated ocular viscoelastic behavior. Downs et al. investigated stress 

relaxation in peripapillary sclera of normal rabbits and monkeys (Downs et al., 2003), 

monkeys with early experimental glaucoma (Downs et al., 2005), and pigs with and without 

glycosaminoglycan depletion (Hatami-Marbini and Pachenari, 2021), but did not perform 

creep testing. Downs et al. reported an instantaneous modulus of about 34 MPa for both 

normal and glaucomatous monkeys, but a greater equilibrium modulus of about 7.5 MPa in 

glaucomatous than 5 MPa in normal eyes (Downs et al., 2005). Elsheikh et al. (Elsheikh et 

al., 2010) and Karimi et al. (Karimi et al., 2017) noted evidence for viscoelastic behavior 

of human sclera when they reported an increase in tangent modulus with increasing tensile 

loading rate. Hatami-Marbini et al. reported scleral equilibrium modulus of 3–7 MPa in 

pigs (Hatami-Marbini and Pachenari, 2021). Ultrasound dynamic testing has been employed 

in canine sclera (Palko et al., 2011), but resulting storage and loss moduli are not directly 
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comparable to current creep data. Compressive stress relaxation data has been reported for 

mouse and pig sclera (Brown et al., 2021), and for pig optic nerve head (Safa et al., 2021).

4.4 Relevance to Modeling.

Although most previous studies have involved static and quasi-static phenomena (Jafari et 

al., 2021), the current data on creep properties of human posterior ocular tissues may also 

be useful for biomechanical modeling in relationship to axial myopia (McMonnies, 2014; 

Metlapally and Wildsoet, 2015; Ohno-Matsui and Jonas, 2019). Axial myopia represents 

eyeball elongation that stretches the retina and sclera as the eye enlarges. In progressive 

high myopia, the optic disc becomes progressively temporally tilted beginning in childhood 

(Samarawickrama et al., 2011); the adjacent retinal pigment epithelium progressively 

atrophies (Jonas, 2005; Lee et al., 1998; Savatovsky et al., 2015; Uchida et al., 1998) to 

progress into the macula where it often threatens central vision (Fang et al., 2018). Myopic 

macular degeneration may reduce visual acuity to blindness, in part through formation of 

local scleral ectasias called staphylomata (Li et al., 2019). Myopia, predominantly axial, has 

become epidemic (Verkicharla et al., 2016) in industrial societies, with prevalence ranging 

from 41% in the United States of America (Vitale et al., 2009) to 96% in Korea (Pan et al., 

2015), and is increasing (Vitale et al., 2009) relentlessly as a public health crisis.

An association has been reported between creep characteristics of mammalian sclera and 

induced myopia (McBrien and Gentle, 2003; Phillips et al., 2000), including correlation 

between scleral elasticity and creep rate of human sclera (Dhakal et al., 2020; Jonas et al., 

2020; McBrien et al., 2009). The high creep compliance of equatorial sclera may contribute 

to the formation of equatorial staphylomata in myopic eyes for which adjacent connective 

tissue ligaments of the orbital pulley system have degenerated and no longer provide 

external support to the equatorial sclera (Li et al., 2019). Such irregular staphylomata may 

in turn displace the paths of the extraocular muscles and contribute to strabismus (Demer, 

2018).

4.5 Limitations.

While the current approach of testing human ocular tissues within three days of death 

probably represents a lower bound on the practical time scale of tissue freshness and is 

well within the range routinely employed for corneal transplantation into living recipients, 

it is possible that the values reported here may have been influenced by post-mortem 

changes. All specimens in the current study were from Caucasian donors, which should be 

considered since mechanical properties of sclera are known to vary according to race (Fazio 

et al., 2014). The current experiments were limited to tensile loading and could not address 

possible effects of anisotropy. However, it may be concluded that while on the rapid time 

scale of saccades the ON, ON sheath, and sclera behave as solids for which viscoelasticity 

may be neglected, for fixations and all other eye movements, viscoelastic behavior such as 

creep is important to understanding ocular biomechanics.
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5. Conclusions

The human ON, its sheath, and the sclera exhibit creep consistent with linear viscoelasticity 

as evidenced by absence of correlation between creep rate and applied stress level. 

Thus, limiting creep behavior of these tissues may be characterized by lumped parameter 

compliance equations. The ON is the most compliant, and anterior sclera least compliant, 

with similar intermediate values for posterior sclera and ON sheath. These viscoelastic data 

may be understood through estimated Deborah numbers in context of well-established time 

scales for human eye movements. For pursuit tracking, all tissues exhibit Debora numbers 

less than 75, and should be regarded as viscoelastic. Because estimated Deborah number of 

the ON is less than 7 for pursuit and convergence, viscoelasticity is particularly important 

for these eye movements.
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Figure 1. 
Linearity test. Each symbol indicates one creep experiment for one specimen. Creep rate 

n is the exponent derived from a single term atn (Equation 1). Linear viscoelasticity is 

appropriate because n values are independent of stress, and tissues from same region showed 

similar creep rate. Data for 32 samples of each scleral region and the optic nerve (ON) 

sheath, and 20 samples of ON.
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Figure 2. 
Compliance curves. Creep is illustrated as compliance J(t) as a function of time (1,500 sec) 

in (A) various scleral regions, and (B) peripapillary sclera, ON, and its sheath. Regions with 

larger compliance are more viscoelastic.
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Figure 3. 
Sensitivity analysis of Equation 2 for every specimen. (A) 1.2a1 and 1.2a2 indicate 1% 

increases of coefficients. The increased values changed the slopes and y-intercepts of the 

asymptotic line, and so are dominant factors. (B) Influences on relative changes of area 

under the compliance curve by 20% changes in individual coefficients.
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Figure 4. 
Predicted reduced relaxation modulus
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Table 1.

Coefficients for Relaxation Function (Equation 2)

Anterior
Sclera

Equatorial
Sclera

Posterior
Sclera

Peripapillary
Sclera

Optic
Nerve

Optic
Nerve
Sheath

a1 7.5428×10−6 1.8615×10−5 1.3556×10−5 2.7268×10−5 7.6587×10−5 1.7334×10−5

a2 0.01164 0.02574 0.02537 0.06249 0.20087 0.02771

a3 0.00748 0.01229 0.01459 0.03233 0.13678 0.02032

a4 66.1376 185.874 126.103 207.900 420.168 74.6826

a5 0.00579 0.01497 0.02528 0.11165 0.08341 0.04514

a6 9.13159 25.2781 9.08595 13.1199 39.0472 6.99692

a7 −0.00163 −0.00152 −0.01449 −0.08149 −0.01932 −0.03776

a8 2.16343 2. 24422 4.97760 9.37559 7.61441 5.60130
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Table 2.

Deborah Numbers for Typical (Robinson, 2022) Smooth Pursuit and Saccades

Anterior
Sclera

Equatorial
Sclera

Posterior
Sclera

Peripapillary
Sclera

Optic
Nerve

Optic
Nerve
Sheath

Pursuit 
(30°/sec) 73 30 35 27 5.6 25

10° Saccade
(200°/sec) 1480 600 705 548 113 503

40° Saccade
(500°/sec) 1056 429 504 391 80 359
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