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Abstract

Corneal opacity is a leading cause of blindness, accounting for about 4% of global blindness. With 

corneal opacity, light is unable to pass through the cornea to form a clear image on the retina, 

resulting in blindness. To address this condition, an intraocular projection device has been 

designed. This device, while in use, would produce heat. According to international standard 

regulations, the temperature on the surface of the tissues should not increase more than 2°C due to 

medical devices. In order to establish the power budget of this intraocular electronic device, a 

steady state thermal finite element analysis was conducted on two different eye models. The 

device was placed at 9.98 mm from the retina, and was seen to run up to a maximum power of 82 

mW for the first model and 91 mW for the second model. To reduce heating of tissues, the device 

was extended by 0.5 mm to create an air gap which acted as an insulator. The temperature in the 

nearest living tissue then dropped below the prescribed limit of 2°C at 100 mW.
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1 Introduction

Corneal blindness is the fourth leading cause of vision loss after cataract, glaucoma, and 

age-related macular degeneration [1–3]. Approximately four to eight million people globally 

are affected by bilateral corneal blindness [4, 5]. Keratoplasty and donor cornea transplant 

treatment can restore vision in patients with corneal blindness, with a success rate of around 

90% for low-risk patients [5, 6]. However, for high-risk patients (those with vascularization 

of their corneas), transplant failure rate is 41% or higher within the first five years after the 

surgery [7]. Moreover, the obtaining and storing donor corneas is one of the major 
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limitations for cornea transplant surgery, with 12.7 million patients on cornea waitlists 

worldwide [8].

A treatment for the high-risk group of patients with corneal blindness is keratoprosthesis, 

where the diseased cornea is implanted with nonbiologic artificial cornea. An example of 

this is the Boston Keratoprosthesis, also known as KPro, which is the most widely used 

artificial cornea. Due to the device being exposed to the external environment, there exists a 

high risk of infection and other complications with keratoprosthesis [9].

For patients with repeated transplant failures and those with severe ocular surface damage 

due to eye trauma from thermal or chemical exposure, cornea transplant is not a viable 

option. An alternate treatment, an intraocular implant that directly projects images to the 

retina, could bypass the diseased cornea and restore some degree of vision [9, 10]. This 

device is surgically implanted in the anterior portion of the eye, replacing the lens (Figure 1). 

The vitreous humor, in this situation, is removed and replaced by a saline solution. The 

entire aparatus consists of an exterior camera that captures the video imagery. The image 

data and power is transmitted wirelessly through the receiver coil and processor implanted 

behind the ear. The coil then sends the data and power to an intraocular projector through a 

small transscleral cable. The projector then projects the images on the retina. The image of 

the intraocular device developed by the University of Illinois/ Stanford University team is 

shown in Figure 2.

During the operation of the device, thermal energy is dissipated to the surrounding saline 

solution, resulting in an increase in the temperature of the eye tissue. The elevated 

temperature may result in permanent tissue damage depending upon the temperature it is 

exposed to and the duration of the exposure [11, 12]. The AIMD (Active Implantable 

Medical device, ISO 14708–1:2014) has provided a guideline to limit the temperature 

increase to 2°C above the body temperature [13]. We conducted a preliminary analysis of the 

intraocular device using an axisymmetric 2-dimensional model, which showed that the iris 

temperature increased by 2°C when operating at 100mW power. The elevated iris 

temperature decreased by 0.24°C when the air gap in the device was increased by 0.5 mm 

[14].

In this study, we present a 3-dimensional finite element simulation of the device to study the 

thermal elevation in the ocular tissues at operating power ranging from 25mw – 100mW and 

determine the threshold for power that the device can operate safely without compromising 

the medical device temperature limit.

Heat transfer in the eye is mainly through conduction, with convection, evaporation, and 

radiation also playing roles. There is a convection heat transfer from the anterior part of the 

eye exposed to the surrounding air and from the posterior sclera region to the body. Heat is 

lost from the corneal surface through radiation and evaporation of tear film. The flow of 

aqueous humor inside the eye also transfers heat between the anterior and posterior regions 

of the eye. However, the effect is negligible [15]. The blood flow in the choroidal region 

helps to thermoregulate the eye temperature. In this study, we have not taken into account 

the effect of blood perfusion.
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Scott [16] and Rafiq et al. [17] developed a mathematical thermal model of the human eye to 

generate steady-state eye temperature distribution and showed that the thermal conductivity 

of lens, choroidal blood flow, basal temperature, and cornea convection affect the 

temperature distribution in the eye. Factors like evaporation and room temperature affect the 

temperature of the anterior region of the eye. Ng et al. [18] performed 2D finite element 

steady-state thermal analysis of the human eye and compared the results with experimental 

measurements, showing an error of only 0.33%.

The generation of reliable thermal eye models have been shown to accurately predict the 

thermal response due to implanted electronic devices. Several thermal studies have been 

carried out by developing thermal models of the eye for retinal implants for treating retinitis 

pigmentosa and age-related macular degeneration [12, 19–21]. These studies show that the 

temperature increase in the eye depends upon the total dissipated power, location of the 

implant, material, and size of the device.

Gosalia et al. [20] observed that the ciliary muscle temperature increased by 0.36°C and 

0.19°C when 4 × 4 × 0.5 mm chip dissipating 12.4 mW power was placed in the anterior of 

the eye and center of the eye, respectively. The study also showed that a larger chip of size 6 

× 6 × 1 mm produced 0.11°C less temperature change in the vitreous humor when 

dissipating the same amount of power. Lazzi et al. [12] demonstrated that when 4 × 4 × 0.5 

mm chip placed at the center of the eye, the temperature at the device surface increased by 

approximately 2.1°C for an increase in power by 37.2 mW. Opie et al. [21] showed that 5 × 

5 mm retinal implant in the suprachoroidal region can safely dissipate power up to 135 mW, 

but that an implant in the retina can dissipate power no more than 36.6 mW to meet the 

safety requirement.

Similar results were obtained by Piyathaisere et al. [11] for in vivo experiments carried out 

on dog eyes. A heater probe of size 1.4 × 1.4 × 1 mm in the vitreous cavity dissipating 

500mW induced 5°C temperature change in the vitreous humor and 2°C in the retina. A 

histological study of the tissue showed no damage to the retina tissue. When the heater probe 

dissipating 50mW was brought in direct contact with the retina for less than 1 second, 

visible damage to the retina tissue was observed. However, permanent damage to the retina 

was detected only for power at 100mW.

2 Finite Element Model

Two different prosthesis-implanted finite element models were created to perform the 

thermal analysis study. The two models were based on two different sets of geometry data. 

The projector models were identical, and the material properties and the boundary 

conditions were also kept identical.

Model 1

An anatomically accurate three-dimensional model of the human eye was created following 

dimensions given in the Atlas of the Human Eye [22] supplemented by data provided by US 

Army Research Laboratory [23] where measurements were not available. The geometry was 

created on Creo Parametric for analysis. For simplicity in modeling and analysis, zonule 
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fibers were modeled as one single lumped mass attached to the ciliary body and lens. Due to 

the lack of accurate iris dimensions in existing research, the design was approximated based 

on Li and Huang [24]. The aqueous and vitreous humors were designed by filling the void 

space left by the tissues. The Optic Nerve Head (ONH) was modeled as a cut at the posterior 

end at a 10° offset from the optical axis. The size of the eye was 24.79 mm along anterior-

posterior direction and 24 mm in transverse and vertical directions.

Model 2

The eye model created by Pawar [25] was used as the second model for the analysis. The 

model was based on a three-dimensional model created by the US Army Research 

Laboratory [23]. The ONH was modeled with 10° offset from the optical axis towards the 

nasal side. The iris was also included in the model based on Caroline [26]. The eye 

measured 24.76 mm along anterior-posterior direction and 24 mm along transverse and 

vertical direction. The eye model was created in CATIA V5 software.

The projector to be placed inside the eye in place of the lens was 7.5mm in total height. The 

microdisplay (8 × 6 × 1 mm) made of glass was attached with a reflector (6.5 × 6 × 1 mm) 

and an LED (2 × 1.5 × 1 mm) both made of ABS plastic, this whole assembly was attached 

to the inside wall of the casing which was made of PMMA with 0.1mm thick adhesive. The 

lens was attached at the front of the projector, which was 0.5mm thick while the back of the 

projector was 9 × 7 mm (Figure 3).

To attach the projector in the eye, the lens was removed from the model and replaced with 

the projector. Using boolean operations, the original eye lens and zonule fibers were 

removed from the vitreous humor, and then the projector was “added” into it (Figure 4). 

Also, as in surgery, the fluidic vitreous humor was replaced by saline solution.

The material properties of the eye components are taken from other thermal models in the 

literature [21,27–32], which have been validated by experimental data. The material 

properties of the eye tissues and the projector parts used in the analysis are given in Table 1.

A sensitivity analysis was carried out to compare the temperature values resulting from the 

different range of thermal conductivity values for the device. It was seen that the temperature 

values did not differ significantly, and so an average value was taken for the conductivities in 

the final simulations.

The entire projector assembly was at 9.98 mm from the retina of the eye to the lens of the 

projector along the optical axis. The Finite Element model of the entire assembly was made 

in ANSYS. The eye model was tested at extreme conditions of 40°C outside temperature, 

and body temperature was assumed to be 37°C [16]. The convection boundary conditions 

was applied on sclera with film coefficient of 65W/m2 °C at 37°C [21] and on cornea and 

limbus with film coefficient of 10W/m2 °C at 40°C [16]. A radiation boundary condition 

was applied on limbus and cornea with emissivity value of 0.975 at 40°C along with 

evaporation rate of 40W/m2 [16]. The internal heat generation on the microdisplay was kept 

constant at the magnitude of 25mW, but the heat generation on the LED was tested at 
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different magnitudes to check the temperatures inside the eye and how they differed 

according to the power dissipated in the LED.

The models were meshed at fine setting with all established contact regions (Figure 5). The 

final mesh had a total number of 125,145 and 109,293 elements for Model 1 and Model 2, 

respectively. Mesh refinement was based on the convergence study carried out on the 

resulting maximum temperature on the iris.

Some changes to the model were made as the temperature in the iris, nearest live tissues of 

the eye, was more than the 2°C limit prescribed by the AIMD at higher power values. The 

projector was extended by 0.5mm towards the rear as more air would act as a good insulator 

of heat and still keeping the projector within the weight restrictions (Figure 6). An alternate 

design with high thermal conductivity material (thermal paste) was modeled and placed 

behind the LED between microdisplay and the casing to facilitate heat flow towards the back 

of the projector. The results from both the modifications satisfied the thermal increase limit. 

Another option explored was placing a conducting material in front of the microdisplay to 

lead heat out the front of the projector and away from the iris. Some improvement was 

noted, but the effect was small compared to other options. Hence, the conductor options 

were not further studied.

3 Results and Analysis

The finite element models were simulated at different power inputs to the LED of 25mW, 

50mW, 75mW, and 100 mW while all the other boundary conditions were constant for all 

the simulations. For the original model discussed above, the temperature inside the iris was 

39.356°C for Model 1 and 39.183°C for Model 2 for 100mW power input, which exceeds 

the 39°C limit value. In the revised design, air acted as a good insulator as predicted, and the 

temperature inside the iris was down to 38.952°C for Model 1 and 38.752°C for Model 2 

which is below the 39°C limit. The maximum temperature in the iris for the original model 

and final model are given in Table 2 and 3, respectively.

It was observed for the original model that the temperature rise in the iris was in the 

acceptable region until 75mW. Similarly, for the final model, the temperature rise was 

acceptable until 100mW. Figure 7 shows the temperature distribution for Model 1 and 2.

Figure 8 shows that the temperature in the iris increases linearly as the power increased. For 

Model 1, the original model can safely operate at 82mW where the maximum temperature in 

the iris reaches 38.989°C. For Model 2, it can safely operate at 91mW where the maximum 

temperature in the iris reaches 38.987 °C.

4 Conclusion

In this study, we analyzed the temperature rise in an intraocular projector implanted eye 

models. Two models were used to evaluate the maximum power that the projector can 

operate without increasing the tissue temperature by more than 2°C. The two models were 

generated based on different sets of eye geometry data. The shape and size of the eye are 

unique for each patient. Moreover, the shape of the eye changes as the person ages. The 
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study showed that the difference in eye geometry affects the temperature increase in the eye 

tissue. It was observed that the average difference between the maximum temperature of the 

iris was 0.15°C for the two models.

The projector, when placed ∼10 mm from the retina, can operate up to 82mW and 91mW for 

Model 1 and Model 2, respectively. The models were modified by increasing the gap 

between the LED and projector outer casing by 0.5 mm. The updated final model, with a 

large volume of air, can operate up to 100mW. This is the maximum power expected from 

the LED.

This study suggests 100 mW is the approximate power budget limit for this type of 

intraocular electronic device. We believe these results provide important new information on 

the power and heat budget available to electronic intraocular devices. While currently 

intraocular projectors and retina prosthesis are under testing for vision restoration in blind 

eyes, electronic intraocular implants could one day see more widespread adoption as vision 

augmentation devices.

The models did not account for fluid convection in the saline solution or choroidal blood 

perfusion. These processes would likely increase heat dissipation and decrease temperature, 

and are subjects of ongoing investigations.
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Figure 1: 
An intraocular projector device implanted in the eye. Receiver coil is implanted behind the 

ear which sends data and power to the projecting device, which projects image onto the 

retina.
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Figure 2: 
A) Components of intraocular projecting device. B–D) Measurements of the assembled 

projecting device that will replace the eye lens.
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Figure 3: 
Cross section view of the Intraocular Projector. It consists of microdisplay, LED, and 

reflector attached by glue to the projector casing. The projector lens is installed at the front 

of the projector which focuses image to the retina.
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Figure 4: 
Sectional view of the eye model with projector implanted in the anterior region replacing 

Lens, and saline solution replacing vitreous humor.

Gongal et al. Page 12

Numeri Heat Transf A Appl. Author manuscript; available in PMC 2021 March 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: 
Meshed Models (a) Shows meshing for Model 1. Total number of elements = 125,145 and 

nodes = 240,084. (b) Shows meshing for Model 2. Total number of elements = 109,293 and 

nodes = 201,826.
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Figure 6: 
(a) Model of modified projector with extended air gap (0.5mm) between the casing and the 

LED (b) Model of the eye with modified projector implanted at ∼10mm distance from the 

retina to the lens of the projector.
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Figure 7: 
Temperature distribution for the final eye model (extended air) for LED operating at 100mW 

and microdisplay at 25mW. (a) Temperature distribution for Model 1 (b) Temperature 

distribution for Model 2.
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Figure 8: 
Linear relationship observed between Iris temperature and power.
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Table 1:

Material properties of eye and projector components

Parts Thermal Conductivity W/mC

Eye Cornea 0.580 [27]

Aqueous Humor 0.580 [27]

Sclera 1.0042 [27]

Choroid 0.600 [21]

Retina 0.565 [21]

Iris 1.0042 [27]

Saline Solution 0.603 [28, 29]

Intraocular PMMA 0.17 – 0.25 [30]

Projector ABS Plastic 0.14 – 0.21 [31]

Adhesive 1.500 [32]
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Table 2:

Maximum temperature in iris for the original projector design

Power Input(mW) Model 1 (°C) Model 2 (°C)

25 37.830 37.754

50 38.338 38.202

75 38.847 38.641

100 39.356 39.183
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Table 3:

Maximum temperature in iris for the final projector design

Power Input(mW) Model 1 (°C) Model 2 (°C)

25 37.692 37.631

50 38.112 37.965

75 38.532 38.317

100 38.952 38.752
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