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Abstract  

 

We developed a fully continuous eye phantom to better understand structural deformation of the cornea 

under varying intraocular pressure (IOP). The IOP-induced deformation and tension of the eye phantom 

were investigated using optical coherence tomography and non-contact tonometer readings, respectively. A 

fixed-cornea eye phantom, which featured a soft cornea, was also used for comparison. We evaluated the 

corneal structural changes between the two different types of eye phantoms by estimating the central 

corneal thickness (CCT) and corneal radius of curvature (CRC). For the eye phantom with an initial CCT 

of 0.55 mm, which is close to the average human CCT, CRC of the fully continuous eye phantoms showed 

a positive correlation to true IOP, while the CRC of a fixed-cornea eye phantom had a negative correlation. 

Non-contact tonometry readings for fixed-cornea eye phantoms were higher than those of full-eye 

phantoms due to the structural and mechanical characteristics. Considering the results from in vitro studies 

on enucleated human eyeballs, a fully continuous eye phantom is a more suitable choice for mimicking 

human IOP than a fixed-cornea eye phantom. Use of a more reliable eye phantom for accurate estimation 

of IOP using tonometry may eventually improve the accuracy of glaucoma screening. 
 

I. INTRODUCTION 

Eye phantoms, which are designed to reproduce characteristics of the human eye, have been developed for 

various purposes: prosthetics, surgery simulation 1–3, and testing and evaluation of diagnostic instruments 4–

7, including the optical coherence tomography (OCT) machine and the tonometer. The shapes of eye 

phantoms vary with their purposes. Intraocular pressure (IOP), which is the fluidic pressure inside the 

eyeball, is usually measured by tonometry, and this test produces the only measurable value to diagnose 

glaucoma and monitor disease progression and treatment response. Almost all tonometers estimate IOP by 

measuring the force required to deform the cornea, because it is not plausible to measure IOP invasively. 

Hence, it is invaluable to invent an eye phantom to mimic the structural deformation as well as the tension 

accompanying a change in IOP.  

 

Eye phantoms 6–9 have been developed specifically for mimicking the human cornea. Anthony et al. 6 

developed an eye phantom used for testing of a glaucoma diagnosis device, that was similar to a contact 

lens. The device made of silicone, but Young’s modulus of the cornea, a measure of elasticity, was 
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approximately 2.5 MPa, which was quite different from that of human subjects. Also inconsistent were the 

central corneal thickness (CCT) and the corneal radius of curvature (CRC), which were about 0.21 mm and 

8.2 mm, respectively. Hsu et al.7 developed an eye phantom for long-term IOP monitoring to test a lens-

typed sensor system. This eye phantom mimicked the pressure changes using a micro-pump. Khan et al. 8 

developed an eye phantom with viscoelastic material for cornea elastography measurements, and its CRC 

was 8.4 mm. Match et al. 9 developed a silicone eye phantom to characterize the corneal tangent modulus. 

The CCT and the CRC of this eye phantom were 1.1 mm and 8 mm, respectively. Because the CCT and the 

CRC of normal human cornea are in range of 400 μm ~ 600 μm10–12 and 7 mm ~ 8 mm10,12, respectively, 

we can say that all of the aforementioned phantoms are not quite optimal.  Also, these phantoms are 

modular with a replaceable and flexible cornea. The cornea of these models is made of an elastic polymer 

to mimic the flexible tissues of a human cornea, while other parts are fabricated with solid materials. The 

artificial cornea is usually fixed to the rigid parts. These fixed-cornea eye phantoms have the advantage of 

being easy to fabricate and replace with materials of different structural and mechanical properties. 

However, there is no previous investigation on a fixed-cornea eye phantom that can mimic accurately the 

structural deformation of the human eye, which is a single body made of soft and flexible materials. If IOP 

increases or an external force is applied to the human eyeball, deformation occurs all over the eyeball in 

order to maintain equilibrium. In contrast, in the case of a fixed-cornea eye phantom, any deformation 

occurs only in the cornea because the other parts of the eye phantoms are rigid. For this reason, 

deformation of the fixed-cornea phantom, by IOP changes and/or an external force, would be different from 

that of a human eye; moreover, as the tension of the cornea is measured from the outside, eventually the 

estimation of IOP will be affected. 

 

To fulfill the requirements of the international standard for performance testing on a tonometer (ISO 8612), 

at least 150 human subjects should be tested and there should not be >5 % of the paired differences 

between the reference tonometer readings and the test tonometer readings on human subjects are greater 

than ± 5mmHg. It is time-consuming and rather expensive to confirm by performance testing on a 

tonometer that it meets this standard by conducting relatively large-scale population studies. To solve this 

issue, it is important to develop eye phantoms in which structural deformation as well as tension measured 

from the outside, upon applying the IOP, mimics the human eye fairly well. Because most applanation 

tonometers yield an IOP reading by converting the force needed to flatten the corneal surface of a 

predetermined area, this force is a function of the stiffness. Thus, it is difficult to estimate the true IOP from 

the tonometer readings without detailed understanding of the contribution of IOP-induced deformation in 

addition to that from corneal thickness. Most eye phantoms, which are used for evaluating the performance 

of tonometers, are usually fixed-cornea eye phantoms. This type of eye phantom mimics deformation in the 

human eyeball only to a certain extent. 

 

In this study, we report a novel method to fabricate fully continuous eye phantoms made of soft and 

flexible materials. We also fabricated fixed-cornea eye phantoms and used them for comparative studies. 

We assessed the validity of these two types of eye phantoms, to mimic human IOP, by measuring their 

structural deformation and non-contact tonometer (NCT) readings with varying IOP. 

II. RESULTS 

OCT images, as a function of IOP, are shown in Fig. 1(a) and (b) for the fixed-cornea and fully continuous 

eye phantoms, respectively. The phantoms were designed to have a CCT under zero IOP (CCT0) of 

approximately 0.35 mm. For both eye phantoms, CCT apparently decreased with increasing IOP. The CRC 

for the fixed-cornea eye phantoms apparently decreased with increasing IOP, whereas an increase in the 

IOP of the fully continuous eye phantoms resulted in a less prominent decrement in the CRC. To obtain 

more detailed information on the structural deformation of the eyeball phantoms, we measured OCT 

images of the cornea with IOP changes (0 mmHg–45 mmHg) at every 1 mmHg interval, and estimated 
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both CCT and CRC. The results for the fixed-cornea and the continuous eye phantoms are shown in Fig. 

1(c) and (d), respectively. The CCT decreased linearly as the internal pressure increased. The slope of the 

plot is almost independent of the type of eye phantom (see Table 1). For fixed-cornea eye phantoms, the 

average slope was about −1.72 ± 0.14 m/mmHg while for continuous eye phantoms, the slope was about −1.86 ± 0.09 m/mmHg. Because the slopes for the two types of eye phantoms are within the standard 

deviation, it is reasonable to tentatively conclude that the dependence of the CCT on the IOP may be 

virtually the same between the two models. In addition, CCT0, determined by linear regression, was almost 

consistent with the initial designs for the CCT. 

 

Meanwhile, as shown in Fig. 1(e) and (f), the dependence of the CRC of the fixed-cornea eye phantoms, 

accompanied by IOP increment, was quite different from that of the fully continuous eye phantoms. For the 

fixed-cornea eye phantoms, with the CCT0 of 0.37 mm, 0.46 mm, and 0.57 mm, CRC decreased as the IOP 

increased. The degree of CRC decrement apparently reduced with increasing CCT0. The CRC of the fully 

continuous eye phantom with the CCT0 of 0.37 mm and 0.46 mm exhibited a negative correlation with the 

IOP. However, in the case of fully continuous eye phantoms, with a CCT0 of 0.57 mm, the CRC increased 

with increasing IOP. It should also be noted that the dependence of CRC on the internal pressure for the 

fully continuous eye phantom was much less than that for the fixed-cornea phantom. The overall changes in 

the CRC accompanying an increase in IOP, from 0 mmHg to 45 mmHg, for both model eyes are shown in 

Table 1.  

 

We further investigated the dependence of the tonometer readings on IOP by using an air-puff tonometer. 

Fig. 2(a) and (b) show the photographs taken during the measurement of NCT readings. As shown in Fig. 

2(c), the NCT readings for the fixed-cornea eye phantoms are positively correlated with IOP. Any 

explanation for the dependence of the NCT readings on the IOP was unavailable while considering the 

effect of structural deformation on the tonometer readings. We tentatively supposed that the NCT readings 

might be linearly dependent on IOP. The slope and the intercept estimated from the regression formula, for 

the eye phantom with CCT0 values of 0.37 mm, 0.46 mm, and 0.57 mm are shown in Table 1. It should be 

noted that the slope should be one if the current NCT readings are ideal for the estimation of the IOP inside 

eye phantoms. Both the slope and intercept of the plot increased with increasing CCT0. This may reflect the 

relative modulus changes accompanying changes in the CCT0. Thicker eye phantoms showed a higher 

NCT. The plot of NCT readings versus IOP, for fully continuous eye phantoms, with three different CCT0 

are shown in Fig. 2(d). The slope and intercepts of the plot, shown in Table 1, increased with increasing 

CCT0, which was similar to that observed in fixed-cornea eye phantoms. It should be noted that, for all 

CCT0, the slope of the plot for fully continuous eye phantoms was less than that for fixed-cornea eye 

phantoms. 

 

The stress and strain under IOP could be estimated from the data shown in Fig. 1(c)-(f). The stress–strain 

curves for cornea model eyes and full eyeball phantoms are shown in Fig. 3(a) and (b), respectively. In both 

model eyes, we could not recognize any apparent dependence of the slope on the CCT0. All the data were 

quite linear when the strain was small, which meant that the Young’s modulus was independent of both 
IOP and CCT0.  

 

From the stress–strain curves, slopes for the cornea model eye (Fig. 3(a)) and full eye phantom (Fig. 3(b)) 

were calculated (594±16 kPa and 623±12 kPa, respectively). Young’s modulus of polydimethylsiloxane 

(PDMS) (380 kPa), the material used to fabricate eye phantoms, was determined using a conventional 

tensile testing method. If both the slope of stress-strain curve and Young’s modulus of PDMS were 
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accurate, the range of Poisson’s ratio were 0.36±0.02 and 0.39±0.02 for the cornea model eye and full eye 

phantom, respectively.  
 

III. DISCUSSION 

 

We investigated the structural deformation of the two different types of eye phantoms we developed with 

varying IOP. Further, NCT readings were also measured with an air-puff tonometer, which is the device 

mainly used in medical checkups for glaucoma screening, to obtain information on the changes in tension 

of the cornea from the outside. To analyze the structural changes of the eye phantoms quantitatively, we 

estimated the CCT and CRC from OCT images. We found that the dependence of the CCT and CRC on the 

IOP of the fully continuous eye phantoms differed from that of the fixed-cornea eye phantoms. Because 

parts other than the cornea were rigid in the fixed-cornea eye phantoms, only the corneas of the could be 

deformed by the changing IOP. Nevertheless, the CCT changes were very similar between the two models. 

In the case of the CRC, the fixed-cornea eye phantom drastically decreased with increasing internal 

pressure (see Fig. 1 and Table 1). However, all parts of the fully continuous eye phantoms could be 

deformed. In these eye phantoms, we found the CRC, as a function of changing IOP, was dependent on 

CCT0. When CCT0 was less than 0.46 mm, the CRC decreased as IOP increased. However, when CCT0 

was 0.57 mm, the CRC increased with an increase in IOP.  

 

When the IOP increases, deformation of the cornea should be mainly governed by its stiffness, which is 

determined by its material properties, structure, and boundary properties. At the boundary between the 

flexible and rigid parts of the fixed-cornea eye phantom, the cornea extended significantly as the applied 

pressure increased under the constraint condition. This caused the axial length of the eye phantom to 

increase and an eventual decrease in the CRC, accompanied by a decrease in CCT (Fig. 4(a)). In addition, 

the CRC was dependent on CCT0; more axially the cornea axially extended, the thinner it became. Among 

all fixed cornea eye phantoms, changes in the CRC of the fixed eyeball phantom with a CCT0 of 0.37 mm 

were most prominent. Thus, indicating that, in case of a thin cornea, IOP induces remarkable structural 

changes near the corneal apex. Meanwhile, the entire area of fully continuous eye phantoms could be 

deformed by IOP change even if the stiffness of the eyeball part, except the cornea, was relatively high. 

While the decrement of the CCT in the fully continuous eye phantom was comparable to that of the fixed-

cornea eye phantom, on applying pressure, the change in CRC in the fully continuous eye phantom was less 

prominent compared to the fixed-cornea eye phantom. When CCT0 was 0.57 mm, the CRC was either 

constant or increased because most of the applied pressure contributed to compression of the CCT (Fig. 

4(b)). Meanwhile, if the initial CCT was less than 0.46 mm, the CRC of fully continuous eye phantoms 

decreased when the internal pressure increased (Fig. 4(c)). 

 

It is of interest to discuss previous studies on the correlation between CCT, CRC, and IOP in the human 

eye. By collecting data from 1390 people, Shimmyo et al. reported a significant correlation between CCT 

and keratometric power;10 thicker eyes had flatter CRC, and thinner eyes had steeper CRC. In addition, by 

using enucleated human eyeballs, Hjortdal et al. 13 reported an apparent increase in CRC with an increment 

in IOP. Although we have no information on the CCT0 of the subjects of the abovementioned studies, it led 

us to reasonably suppose that the fully continuous eye phantom with CCT0 of 0.57 mm is a more adequate 

model to describe the deformation of the human eye with an increase in IOP. 

  

When the IOP increases, the corneal surface extends and the CCT decreases due to the force caused by the 

IOP. Assuming that we set the region of interest near the corneal apex, the system can be considered a part 
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of thin-walled spherical shell. As the CCT is much less than the CRC, the circumferential stress can be 

expressed as follows 14: 

 𝜎𝑐 = 𝐼𝑂𝑃×𝐶𝑅𝐶2×𝐶𝐶𝑇     (1) 

 

Assuming that the volume of a finite element at the corneal apex is constant, when the strain is quite small, 

the circumferential strain, 𝜀𝑐, can be expressed in terms of CCT as follows:  

 𝜀𝑐 = (𝐶𝐶𝑇0𝐶𝐶𝑇 )1/2 − 1   (2) 

 

Furthermore, Hooke’s law states that 

 𝐸(1−ν) = 𝜎𝑐𝜀𝑐  (3) 

 

where E and  are the Young’s modulus and Poisson’s ratio, respectively.  

Even if the values of Poisson's ratio of the PDMS used in the construction of these eye phantoms remain 

rather limited, the values of full eyeball phantoms were close to the recently reported values in humans 

(range, 0.40–0.50) 15. In case of the human cornea, the mean Poisson’s ratio is 0.42 16. Young's modulus (E) 

and shear modulus (G) are related to E = 2G(1+ν) for isotropic and homogeneous materials. Therefore, the 
shear modulus can be estimated as approximately 93 kPa and 91 kPa for the cornea model eye and the full 

eye phantom, respectively. The values determined from our eye phantoms were close to the shear modulus 

of the human cornea of G = 72 ± 13.7 kPa 15. These observations led us to propose that our eye phantoms 

could be utilized to investigate deformation of the eye caused by IOP change or to measure the tension 

from the outside of the eyeball. Indeed, a recent study on biomechanics of an in vivo human cornea showed 

that the corneal shear modulus was independent of both CCT as well as IOP 17. 

 

We found that the tonometer readings of eye phantoms tends to increase with an increase in initial CCT. 

Even if an air-puff tonometer overestimates or underestimates the true IOP 18, the observation from the 

current work is consistent with previous reports on the positive correlation between the measured tension 

from the outside of the eyeball and the CCT10. Meanwhile, the increment in the NCT readings, due to the 

elevation of the IOP from 5 mmHg to 45 mmHg, in the fixed-cornea eye phantoms was approximately 1.5 

times greater than that in fully continuous eye phantoms (Table 1). These discrepancies might be due to the 

difference in their structural deformation upon increasing the applied pressure. The CRC of the fixed-

cornea eye phantom decreased significantly as the IOP increased. This configuration makes the cornea 

harder to flatten, and eventually it exhibited higher NCT readings because the readings are derived from the 

force needed to flatten the cornea. In fully continuous eye phantoms, the changes in CRC with increasing 

IOP were less than those in fixed-cornea eye phantoms. Therefore, the ratio of NCT readings and IOP 

changes in fully continuous eye phantoms should be lower than that in fixed-cornea eye phantoms.  

 

Finally, we evaluated which model eye best mimics the human eyeball, and is more suitable for 

understanding the relationship between the tension measured from outside and the structural deformation of 

the eyeball induced by an increment of IOP. It is not easy to measure both the CCT and CRC, which are 

correlated to structural deformation, in human subjects at an IOP of 0 mmHg. In addition, apart from 

enucleated human eyeball and large population data studies11,13, it is crucial to refer theoretical studies on 

deformation of the cornea upon applying IOP. A theoretical simulation study16 on the two types of eye 

models revealed an apparent increase in CRC with an increment in IOP in the fully continuous eye 
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phantom with a relatively thick cornea. However, the CRC decreased, with an increment in IOP, in the 

fixed-cornea model. These considerations led us to safely conclude that fully continuous eye phantoms 

more closely recapitulated the structural deformation of the human eye by IOP change.  

IV. CONCLUSION 

We conducted a comparative study on two different eye phantoms: fixed-cornea eye phantoms and fully 

continuous eye phantoms. First, we developed our own method to fabricate a fully continuous eye 

phantom. Subsequently, we measured the structural changes including CCT, CRC, and NCT readings with 

changes in IOP. In consideration of previous studies regarding structural deformation, from both in vitro 

experiments of the human eye and theoretical simulation, we found that our fully continuous eye phantom 

mimics the human eye more accurately. From the measured NCT data, we also found that NCT readings 

from fixed-cornea eye phantoms, in comparison to fully continuous eye phantoms, were overestimated. For 

these reasons, we expect that fully continuous eye phantoms could be suitable for the estimation of true 

IOP and allow for performance testing of tonometers, both for clinical use and medical checkup.  
 

V. METHODS  

A. Fabrication of eye phantoms 

We developed two different types of eye phantoms. Fig. 5(a) and (b) show photographs of the fully 

continuous eye phantom and the fixed-cornea eye phantom, respectively. The detailed design of the 

phantoms, shown in Table 2, is based on the characteristics of the human eyeball, including its dimensional 

size 19,20, CCT 10–12, diameter of the cornea 12,21, and CRC 10,12. The Young’s modulus of the eye phantom 
was kept at approximately 380 kPa, which is close to that of the human cornea, by optimizing the 

composition of polydimethylsiloxane (PDMS; Sylgard 184, Dow Corning, the weight ratio of the silicone 

elastomer to the curing agent is 22:1) 22. The manufactured fully continuous eye phantom and the internals 

structure are shown in Fig. 5(c) and (d), respectively. The full eye phantom has a spherical shell structure 

and the shell is made up with PDMS and there is glycerol/water mixture in it as shown in Fig. 5(c).The 

cornea of the fixed-cornea eye phantom was fabricated by curing a mixture of base elastomer and curing 

agent inside an appropriate mold made of polyethylene terephthalate (PET); the fabricated cornea was fixed 

to the rigid components, including a water reservoir (Fig. 5(d)). Both initial CCT and CRC of the phantom 

were determined and the geometry of the mold was adjusted accordingly.  

 

Meanwhile, CCT of the fully continuous eye phantom was controlled by varying the density of the 

glycerol/water mixture drop. The mold was made of PET. A liquid PDMS mixture was poured into the 

mold. Afterwards, the aqueous-glycerol solution was injected into the liquid PDMS mixture. Because the 

PDMS mixture is immiscible with the water–glycerol mixture, movement of the drop is governed by 

following three forces (see Fig. 5(e)). 

 

Gravitational force: 𝐹𝐺 =  𝜋6 𝑑3𝜌𝑠𝑔  (4) 

Buoyancy force: 𝐹𝐵 = 𝜋6 𝑑3𝜌𝑔  (5) 

Drag force: 𝐹𝐷 = 𝑐𝑑 12 𝑉2𝜌A  (6) 

where 𝑑 is the diameter of the aqueous glycerol drop, g is the gravitational acceleration, 𝜌 and 𝜌𝑠 is the 

density of the PDMS pre-polymer and aqueous glycerol solution, respectively. A is the projected area of 

the glycerol-water mixture drop, 𝑐𝑑 is the drag coefficient, and V is the velocity relative to the object. 

Under a steady state, the sum of the forces should be zero. 

 

 𝐹𝐺 = 𝐹𝐵 + 𝐹𝐷                                    (7) 
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The drop of the glycerol-water mixture reaches the terminal velocity (𝑉𝑡), which can be expressed as 

follows:  𝑉𝑡 = −√4𝑔𝑑3𝐶𝑑 (𝜌𝑠−𝜌𝜌 )   when 𝜌𝑠 >  ρ  (8) 𝑉𝑡 = √4𝑔𝑑3𝐶𝑑 (𝜌−𝜌𝑠𝜌 )   when 𝜌𝑠 <  ρ  (9) 

Both the magnitude and direction of movement of the drop can be controlled by varying the density of the 

glycerol-water mixture as well as its injected volume. The density of glycerol-water mixture was adjusted 

by changing its composition. The changes in the terminal velocity (Eq. (8) and (9)), according to the 

concentration of glycerol, can be represented as shown in Fig. 5(f). When the concentration of glycerol was 

13 %, the terminal velocity of the drop was zero. The drop, whose density is greater than that of the PDMS 

mixture, tends to sink. If the drop is less dense than the liquid PDMS mixture, the buoyancy force can keep 

the drop afloat. Because the density as well as the drag coefficient of the liquid of PDMS pre-polymer 

depends on the degree of the cross-linking reaction, the terminal velocity of the drop also changes. 

Supposing that the curing condition is well designed and controlled for all the trials, to fabricate the 

phantom, vertically moving drop will be located at a specific point, of which the final position is only 

dependent on the nature of the drop. This means that the thickness between the bottom of the mold and the 

underside of the drop can be adjusted by varying both the density and volume of the drop of the glycerol-

water mixture. Based on this principle, we made a fully continuous eye phantom, a three-dimensional 

model, in which the corneal thickness was adjustable. 

 

The CCT of the eye phantoms was designed to be 0.35 mm, 0.45 mm, and 0.55 mm; these values were 

close to the average CCT of the human eyeball. After fabrication, we found that CCT, when no force was 

applied, was 0.37 mm, 0.46 mm, and 0.57 mm. In addition, considering the human CRC, the CRC of 8.5 

mm was designed. Young’s modulus of the PDMS phantom materials was adjusted to approximately 380 
kPa by controlling the composition of the liquid PDMS mixture. The specifications of these two types of 

eye phantoms are compiled in Table 2.  
 

B. Experimental setup for controlling IOP 

A syringe pump-based pressure control system (C&V Tech, Korea) was used to control the internal 

pressure of the eye phantom. The fixed-cornea eye phantom was connected to pressure control system 

through a tube (Fig. 5(g)). The IOP for fully continuous eye phantoms were adjusted by directly injecting 

the water using a needle (Fig. 5(h)). The height at top of the eye phantom was kept same as that of the 

syringe in order to maintain the same pressure. IOP inside the eye phantom was measured using a 

calibrated pressure sensor (PSH-B0200, Sensys), the measurement accuracy of which was less than 0.15%.  

C. Measurement  

To examine the corneal deformation, tomographic images were obtained with a spectral domain optical 

coherence tomography (SD-OCT) system (Telesto, Thorlabs, USA) as shown in Fig. 5(i). The center 

wavelength and wavelength range were 1300 nm and 100 nm, respectively. We scanned the cornea with 

Galvano scanners at a frame rate of approximately 18 f/s. The range of B-scan, which was made up of 4096 

A-scans, was 10 mm. The A-scan had 512 pixels, depth of 2.528 mm, and a refractive index of 1.00. The 

depth resolution was approximately 4.9 μm. Both CCT and CRC were obtained by analyzing the OCT 

images with a data processing code written in Python.  

The anterior and posterior surfaces of the cornea, from the OCT image, were extracted by using the edge 

detection algorithm. The CCT was estimated by dividing the distance between the two surfaces at the apex 

of the cornea by 1.4, the refractive index of PDMS (Fig. S1(a)). CRC was estimated by fitting the anterior 

surfaces with a circular function (Fig. S1(b)). An air-puff tonometer (CT-80, Topcon) was used to collect 

NCT readings of the eye phantom by varying the IOP from 0 mmHg to 45 mmHg as shown in Fig. 5(j). 
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The direction of the air jet was kept perpendicular to the corneal surface. NCT readings were averaged 

from three different measurements. 
 

Data availability 

All data generated or analysed during this study are included in this published article and its Supplementary 

Information files. 
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Figure legends 
 

Figure 1. The OCT images of the fixed-cornea eye phantom (a) and the continuous eye phantom (b) 

observed with change in applied pressure. The CCT0 of the two phantoms is 0.37 mm. The scale bar is 0.5 

mm. Arrows of the same color is the same size. The dependence of the CCT on the applied pressure for the 

fixed-cornea eye phantom (c) and the fully continuous eye phantom (d). The changes in CRC for the fixed-

cornea eye phantom and the fully continuous one are shown in (e) and (f), respectively.  

 

Figure 2. The experimental setup for measuring IOP with a non-contact tonometer for the fixed-cornea eye 

phantom (a) and the fully continuous eye phantom (b). The relationship between the NCT reading and the 

IOP for each eye phantom are shown in (c) and (d). 

 

Figure 3. Stress-strain curves for cornea model (a) and full eyeball phantoms (b) derived from the data 

shown in Fig. 1(c)-(f). The black solid lines are the results of the linear regression conducted on all the data  

 

Figure 4. Illustration describing the structural deformation caused by the IOP increment for the fixed-

cornea eye phantom (a) and the fully continuous eye phantom with thick (b) and thin (c) CCT0. 

 

Figure 5. The photographs of fully continuous eye phantom (a) and fixed-cornea eye phantom (b). The cross-

sectional views of the two eye phantoms are shown in (c) and (d). The diagram of a glycerol-water mixture 

drop in PDMS pre-polymer (e). In this case, the density of glycerol-water mixture (𝜌𝑠) is higher than the 

density of PDMS pre-polymer (ρ). The relationship between glycerol concentration of glycerol-water mixture 

and the velocity of the glycerol-water mixture drop in PDMS pre-polymer when the ambient temperature is 

20 °C and 25 °C (f). When the glycerol concentration is near 13 %, there is a singular point to change the 

moving direction of the glycerol-water mixture drop. The syringe pump-based pressure control system for 

the fixed-cornea eye phantom (g) and fully continuous eye phantom (h). The schematic diagram for 

measuring the structural deformation and NCT readings  of the cornea are shown in (i) and (j), respectively. 
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Tables  

 

Table 1. A comparison of the total changes of CCT and CRC among the initial targeted CCT and the 

types of the eye phantoms and a comparison of the difference of the NCT with the different initial 

CCT for the two different types of eye phantoms 𝐂𝐂𝐓𝟎 

(mm) 

Slope of the plot of CCT to IOP 

(μm/mmHg) 
Total change of CRC (mm) 

Fixed-cornea eye 

phantom 

Fully continuous 

eye phantom 

Fixed-cornea eye 

phantom 

Fully continuous 

eye phantom 

0.37 -1.87 -1.84 -3.21 -0.93 

0.46 -1.59 -1.79 -2.79 -0.51 

0.57 -1.7 -1.96 -2.42 0.17 𝐂𝐂𝐓𝟎 

(mm) 

Fixed-cornea eye phantom Fully continuous eye phantom 

Slope Intercept (mmHg) Slope Intercept (mmHg) 

0.37 0.744 -0.598 0.552 2.04 

0.46 0.887 4.06 0.577 5.98 

0.57 0.950 10.4 0.611 12.1 

 

Table 2. The features of the two types of eye phantoms 

Feature Fully continuous eye phantom Fixed-cornea eye phantom 

Central corneal thickness (mm) 0.37-0.57 0.37-0.57 

Young’s modulus (kPa) 380 380 (only cornea) 

Corneal radius of curvature 

(mm) 
8.5 8-9 

Materials of eye phantoms PDMS 
Cornea: PDMS 

Other parts: rigid plastic 

 



Figures

Figure 1

The OCT images of the �xed-cornea eye phantom (a) and the continuous eye phantom (b) observed with
change in applied pressure. The CCT0 of the two phantoms is 0.37 mm. The scale bar is 0.5 mm. Arrows
of the same color is the same size. The dependence of the CCT on the applied pressure for the �xed-



cornea eye phantom (c) and the fully continuous eye phantom (d). The changes in CRC for the �xed-
cornea eye phantom and the fully continuous one are shown in (e) and (f), respectively.

Figure 2

The experimental setup for measuring IOP with a non-contact tonometer for the �xed-cornea eye
phantom (a) and the fully continuous eye phantom (b). The relationship between the NCT reading and
the IOP for each eye phantom are shown in (c) and (d).

Figure 3



Stress-strain curves for cornea model (a) and full eyeball phantoms (b) derived from the data shown in
Fig. 1(c)-(f). The black solid lines are the results of the linear regression conducted on all the data

Figure 4

Illustration describing the structural deformation caused by the IOP increment for the �xed-cornea eye
phantom (a) and the fully continuous eye phantom with thick (b) and thin (c) CCT0.



Figure 5

The photographs of fully continuous eye phantom (a) and �xed-cornea eye phantom (b). The cross-
sectional views of the two eye phantoms are shown in (c) and (d). The diagram of a glycerol-water
mixture drop in PDMS pre-polymer (e). In this case, the density of glycerol-water mixture (ρs) is higher
than the density of PDMS pre-polymer (ρ). The relationship between glycerol concentration of glycerol-
water mixture and the velocity of the glycerol-water mixture drop in PDMS pre-polymer when the ambient



temperature is 20 °C and 25 °C (f). When the glycerol concentration is near 13 %, there is a singular point
to change the moving direction of the glycerol-water mixture drop. The syringe pump-based pressure
control system for the �xed-cornea eye phantom (g) and fully continuous eye phantom (h). The
schematic diagram for measuring the structural deformation and NCT readings of the cornea are shown
in (i) and (j), respectively.
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