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Abstract 

 A large number of world population suffer from vision related diseases/defects. Visual health 

supervision is important for detection, prevention and treatment of eyes disorders. Images of 

retina/fundus are important for diagnosis of eye diseases. In this paper we report on design and 

development of a wearable eyeglass type retinal imaging system using a 2D MEMS scanner for 

ocular health monitoring. Several wearability criteria for instance weight and size factor should be 

taken into account while designing a wearable health monitoring system. The 2D-MEMS scanner 

used in the system is small in size, that helps to fabricate an easy to use and lightweight wearable 

imaging device. The net weight of fabricated system including optical components is 150 grams.  

Sensitivity of the system was estimated by measuring the signal-to-noise ratio for high and low 

reflectance materials. Signal-to-noise ratio was 7 for high reflectance material and about 4 for 

biological samples. Imaging results were obtained by scanning a model eye, ham slice and 

enucleated swine eye in real time by custom made LabVIEW program. The fabricated system has 

adequate sensitivity and resolution for the observation of retinal arteries and optic disc for 

detection of eye diseases.  

 

 



1.Introduction 

Development of wearable devices for health monitoring has gained a lot of attention in the 

scientific community and industry in past few years [1-3]. As world population is ageing and costs 

of healthcare is increasing, there is a need to monitor patient’s health status in his/her personal 

environment and provide access to healthcare for as many people as possible [4]. The focus is on 

shifting the healthcare expenditures from treatment to prevention. Wearable devices will have a 

significant impact on the practice of medicine since they fulfill the critical need for a technology 

than can enhance the quality of life while reducing healthcare cost. 

A variety of system prototypes and commercial products have been produced in the recent 

years which aims to provide real time feed-back information about one’s health condition, either 

to user itself or to a medical center.  Wearable systems for health monitoring contain various types 

of sensors that are capable of measuring important physiological parameters like heart rate, body 

temperature, blood pressure, electrocardiogram etc. [5-7]. A recent addition to wearable devices is 

smart glasses that are used in many ways such as recording, streaming video, data transmission, 

telemedicine and can provide augmented or virtual reality in addition to wearer’s environment [8]. 

There are varieties of smart glasses and health monitoring devices but none of them works for 

imaging of eye. Eye related diseases and defects have an enormous adverse effects on human 

health, efficiency and social welfare. Many retinal diseases remain undetected until permanent 

vision loss or damage occurs because they are asymptomatic in early stages and eye examining is 

limited due to limited access to expensive specialized equipment and field experts. Eye screening 

for large population for an extended period of time is not only expensive but also time consuming. 

As a result, diagnostics are passive and disease is noticed only when it shows some symptoms. 

Long term monitoring can help in early detection of vital signs and timely prevention of some 



vision problems [9-10]. One method of early detection of eye diseases is regular monitoring of 

eyes by use of instrument eyeglasses or wearable smart glasses to collect images of retina/fundus. 

Therefore, it is necessary to develop an eyeglass type wearable retinal imaging device that can 

provide regular monitoring of eyes. 

In this paper we report on design and fabrication of wearable eyeglasses using a 2D -

MEMS scanner for retinal imaging. MEMS scanner can facilitate fabrication of wearable devices 

as they are small, light in weight, cost effective, allow miniaturization in addition to low power 

consumption per scan axis. They also provide multi-dimensional scan capabilities even for smaller 

areas. Confocal scanning microscope using MEMS devices is emerging as a new imaging 

technology for in vivo and ex-vivo imaging of internal organs [11-12].  2D- MEMS scanners are 

alternatively used in place of galvanometer scanners for various optical coherence tomography 

systems [13-14]and portable scanning laser scanning systems [15]. Recently there are some 

wearable products such as retinal imaging laser eyewear developed by (QD Laser, Japan) which 

uses MEMS mirror and a tiny projector for directly projecting images on the retina. These 

eyeglasses are being developed for people with low vision and purpose is projection of images 

[16,17,18], but detection of reflectance from retina is not reported yet. The usage of a laser to 

illuminate the eye and detection of reflection from retinal surface through a detector makes our 

smart glass different from projection glasses. The purpose of this work is to fabricate a low cost, 

easy- to- use, and unobtrusive wearable eyeglass device that can take retinal images and help 

patients to check the eyes at home on a regular basis to avoid eye disorders, furthermore for person 

suffering from known diseases can be under constant monitoring.  

2. Design and Experimental set-up 



The schematic of fabricated wearable smart glass type retinal imaging system is shown in figure 

1(a). The incident light path is shown in blue color and reflected signal path is represented in red 

color. The imaging system consists of a 2D MEMS scanner, glass type relay optics and detector. 

A 638nm laser diode was used for illumination. The laser beam was collimated by collimating lens 

with a focal length of 2.0 mm by using a single mode optical fiber. The collimated beam had a 

0.38mm(1/e2) diameter and it was reflected from a 2D MEMS scanner and focused on the retina 

by glass type relay optics. An achromatic lens (L1) with focal length of 12.5mm was used to focus 

laser beam into glass type relay system. Figure 1(b) shows the prototype of the fabricated wearable 

eyeglass type imaging system with 2D MEMS scanner. Figure 1(c) shows the wearability of the 

fabricated device. The fabricated system was not used to take images from human retina. 
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Figure1: (a) Schematic of fabricated wearable eyeglass type retinal imaging system, (b) 

photograph of actual system showing 2D-MEMS scanner used for scanning. (c) shows wearability 

of the fabricated system. For the publication purpose, consent was obtained from the participant 

of figure 1(c). 

The 2D-MEMS scanner [model no. S12238-01P(X), Hamamatsu Photonics, Japan] used 

in the system is approximately 0.9mm in diameter. MEMS scanner had 22.5kHz and 680Hz 

resonant frequencies in X and Y axes. The MEMS scanner was controlled by a custom made 

driving circuit. For glass type relay optics, a commercially available smart glass (Epson Moverio, 

BT200) was used. Epson glass was modified to make it suitable for retinal imaging.  Original 

projection system of smart glass was converted into detection system by replacing the LCD panel 

with our designed optics including MEMS scanner. The reflected signals from retina were detected 

by a photomultiplier tube (PMT) (H10721-20, Hamamatsu Photonics, Japan) through a pinhole. 

For the confocal pinhole a multimode optical fiber with a core diameter of 50µm was used. The 

focal length of collection lens (L2) was 12mm. The detected signals were low pass filtered with a 

cut off frequency of 1MHz in order to avoid aliasing artifacts in the image. The 2D image of retina 

was obtained by changing the scan angle of MEMS scanner. The detected signals were acquired 

by using a 12-bit PCI card (AI-1204Z- PCI, Contec. Co., Ltd. Japan). Custom software developed 

using LabVIEW was used for real time display of images obtained by the smart glass set-up. Figure 

1(b) is the photograph of actual system showing 2D MEMS scanner. The weight of wearable glass 

including MEMS scanner and other optical components is about 150 grams so it is lightweight 

device.  To characterize the imaging performance of the fabricated system we used a commercially 

available imaging model eye (OEMI-7), and it is the most realistic eye model for ocular fundus 

imaging. It has an anterior chamber, crystalline lens and fundus. The eye was filled with water 

before measurement to completely mimic the human eye. For biological samples a thin ham slice 

and enucleated swine eye were used. The enucleated swine eyes for the experiment were bought 



from Sendai Central meat whole sale market Co. Ltd. For experiments using animal parts we 

followed the regulations specified by Tohoku University. The measured laser intensity in front of 

model eye was much smaller than the maximum permissible beam power recommended by the 

American National Standards Institute. 

3. Results and discussion 

Capabilities of our fabricated system for its application in wearable devices were determined by 

examining some important parameters such as resolution, sensitivity and imaging properties. Safe 

exposure during retinal imaging should be considered while designing an optical system that uses 

laser for illumination. We calculated maximum permissible beam powers for thermal and 

photochemical exposure for our fabricated system. Results from experiments are explained in 

following subsections. 

3.1 Resolution 

Resolution of the fabricated system was estimated by measuring the modular transfer function of 

complete system and also by using a 1951 USAF resolution test target as model retina. The quality 

of an optical system can be determined by modular transfer function (MTF), which is the Fourier 

transform of the point spread function (PSF) [19].  Therefore, the spatial resolution can be 

calculated from the high frequency profile of the MTF. The MTF plot is expressed in the terms of 

spatial frequency (lines/mm or cycles/mm) on the x-axis and modulation (contrast) on the y-axis. 

The actual resolution is always different from the theoretical values as the total resolution of 

system is dependent on all the components used in the system.  The resolution of real images 

depends on many experimental aspects such as mechanical drift or sample deformation.  So the 

resolvability of real images should be estimated not only from optical theory but also from the 



image itself. The main and simple method for calculating MTF is to determine the PSF and then 

transform it into MTF. We calculated the MTF of our system from laser spot obtained at the retinal 

plane. The PSF of the laser spot was extracted using the Image J software. The MTF of the entire 

system was calculated by the Fourier Transform of PSF.  PSF obtained from the laser spot at the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: (a) PSF of the actual system at the retinal plane. Inset of figure 1(a) is the CCD camera 

image of laser spot. (b) MTF of the complete optical system calculated from PSF of the system. 

The black curve represents the actual MTF of the system on the retinal plane. (c) Optical 
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microscope image of group 4 and 5 of a 1951 USAF resolution target. (d) Reflectance of image 

patterns marked in the scan area of fig2 (c). (e) cross section from horizontal and vertical lines of 

fig 2(d) marked by black lines. 

 

retinal plane is shown in figure 2(a), which is narrow, (full width at half maxima FWHM, value is 

23.38µm) which means imaging performance is good. Inset of figure 2(a) is the CCD camera 

image of actual laser spot obtained at the retinal plane. Figure 2(b) is the MTF graph which shows 

the contrast (modulus of OTF) in the image as a function of frequency at nominal focus. The black 

curve represents the MTF of actual system at the center. The measured MTF shows a resolution 

of 23µm which is calculated from cut-off spatial frequency. Figure 2(c) is the optical microscope 

image of resolution test target showing group 4 and 5. The area marked by dashed line is the 

scanned area for group 4 element 5 and 6. Reflectance image obtained by scanning is shown in 

fig2(d). Cross-section from the area indicated by black lines in fig2(d) is shown in 2(e). The 

smallest line pairs that could be resolved by our system were group 4 element 6, which corresponds 

to a lateral resolution of 35µm. For evaluation, the size of main retinal arteries is about 200µm and 

the small capillaries in the eye are about the size of 10µm to 20µm, the optic disc of human eye is 

about 1.5mm so our system have enough resolution for imaging retinal arteries and optics disc. 

Optic disc images can be used for basic diagnosis of eye related disorders such as glaucoma. We 

also calculated total resolvable spots for our fabricated system with respect to scanning area of 

MEMS scanner. The number of resolvable sports determine the relationship between field of view 

and resolution of any scanning system. The resolvable spots can be calculated by scanning mirror 

diameter dm and optical scan angle ±Ɵm. The diffraction angle for the focused Gaussian beam in 

relation of mirror diameter can be written as  



Ɵdiff =tan-1[2.45*(λ0/πdm)], where λ0 is the center wavelength used in the system. The resolvable 

spots for the scanning system can be calculated by the ratio of total scanning angle and two times 

of diffraction angle:  

Total resolvable spots = 2 Ɵm/2 Ɵdiff. 

The diameter of MEMS scanner was 1mm and we used ±5.0o optical scanning angle for all the 

measurements at 638nm. Theoretically the total resolvable spots would be 176. The incident beam 

on the cornea was 0.38mm(1/e2) resulting in a spot size of 36µm (1/e2 diameter). The scan length 

on the retina was 6mm. The number of resolvable spot by using these measured parameters is 

calculated by dividing the total scan length by spot size diameter. The calculated resolvable spots 

are 167 which are close to the theoretical value. 

3.2 Signal-to-Noise Ratio  

The reflectance signal from biological tissues is not very high in the visible range wavelength, so 

it is important to check the sensitivity of the system by calculating the signal to noise ratio. In our 

fabricated system image is acquired by using an analog-to-digital converter that digitalizes the 

analog output of photodetector, and experimentally estimation of exact amount of noise from 

pixelated image is challenging. Considering these facts, the sensitivity of the system was checked 

by obtaining reflectance signal from different samples with variant reflectivity such as metal 

pattern, a model eye filled with water and biological sample such as a thin ham slice. For biological 

sample the ham slice was selected as it is readily available and easy to test. The control voltage of 

the photomultiplier for the measurement was 0.75V. Figure 3(a) shows the picture of patterned 

metal sample used for the measurement. Reflectance signals were obtained from scan area marked 

by square in dotted lines on Fig 3(a). Bright strips in figure 3(b) represents metal pattern with high 



reflectance, the SNR ratio for metal sample was 7 and base is resin with low reflectance with a 

SNR of 3. Fig 3(c) is the photograph of model eye and 3(d), (f) are the CCD camera images of the 

retina of model eye. Figure3(e) and 3(g) are the reflectance images of different scan areas on the 

retina of model eye. The ring like pattern in figure 3(e) is the bubble like pattern on the retina of 

model eye. These bubble like patterns in the model eye represents foreign body inside of eye.  The 

bright colored pattern in 3(g) is the optic disc of model eye marked in square scan area in camera 

image. The SNR for model eye was 5. Figure 3(h) is the photograph of whole muscle ham sample. 

This type of meat is usually most homogenous in terms of microstructures. Reflectance signal were 

obtained from a scan area marked by square in the dotted lines on figure 3(h). Bright colored spots 

in figure 3(i) represents the tissues with high reflectance and light contrast base represents the 

tissues with low reflectance. These are basically starch grains in protein matrix [20]. The measured 

SNR for ham slice was 4. The smart glass used in the system is a projection type of glass and it is 

not designed for detection application. There is loss of light intensity through the glass surfaces of 

the smart glass but the reflectance signals could be detected with added optics. For imaging, a 

minimum signal to noise ratio of 3 is recommended [21]. The signal to noise ratio for all the 

samples with our fabricated device was more than 3 so it is adequate for imaging. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Figure 3: (a) Photo of metal sample. The dotted square marked on the photo shows the scan area 

used for imaging. (b) reflectance image obtained by scan area marked on metal sample. (c) 

photograph of model eye. (d), (f) CCD camera images showing the scan area on the retina of model 

eye. (e), (g) Reflectance image obtained by scanning the area marked on figure (d) and (f). (h) 

Photograph of ham slice. (i) Reflectance image obtained by scanning the marked area of fig (h). 

 

The fabricated system is capable of imaging the sample with very low to high reflectance and 

signal intensity increased with increase in gain control voltage of the photomultiplier tube. The 

results from the fabricated system shows enough sensitivity to image biological tissues. The 

imaging performance can be further improved by reducing the noise in the system. For image 

acquisition and background subtraction we developed custom software in LabVIEW (National 

Instruments, Austin, Texas). The images were corrected in real time for background noise removal 
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without object i.e. under no reflection from object. Figure 4(a) shows the CCD camera image of 

custom made model eye. The scan area covers the optic disc of the model eye which is marked 

with dotted square. Figure 4(b) is image acquired without using noise removal program and 4(c) 

is image taken using noise removal program. A clear difference between two reflectance images  

with and without noise can be observed. 

 

 

 

 

Figure 4: (a) CCD camera image of model eye showing the scan area. (b) Image of model eye 

acquired without using noise removal program. (c) Image of model eye acquired using noise 

removal program. 

 

3.3 Imaging  

The field of view (FOV) of eyeglass type system calculated from the measurement was 16o in 

horizontal axis and 13o in vertical axis. The imaging speed was 88 frames per second(fps)with 500 

lines per frame. The imaging speed can be altered depending on experimental conditions. For 

image acquisition we used custom software in LabVIEW. An enucleated swine eye was used for 

further imaging. As human retinal tissues loses histological and optical properties quickly after 

death, pig eye was chosen as it is readily available for experiments. Additionally, besides its size, 

numerous features are similar to those of human eye.  
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Figure 5(a) is the photograph of enucleated swine eye used for the imaging. The pupil size of the 

enucleated swine was 10mm. Figure 5(b) and (c) are the CCD camera images showing the scan 

area by dotted squares on the retinal surface of enucleated swine eye. Reflectance signal obtained 

by scanning swine eye are shown in figure 5(d) and 5(e). The bright contrast patterns in both the 

images represent the blood vessels on the retina surface. There is slight variation in the CCD 

camera image and reflectance image obtained by scanning of enucleated swine eye.  

 

 

 

 

 

 

 

 

Figure 5: (a) Photograph of enucleated swine eye. (b) and (d) are CCD camera image of retina of 

enucleated swine eye. (c) and (e) reflectance signal from retina of enucleated swine eye. 

 

The reason for variation is that there are several factors that influence the appearance and size of 

retinal vessels as a function of wavelength. The most important factor is optical absorption by 

blood columns and vessels, as they have low contrast against fundus background for wavelengths 

longer than 600nm [22]. In the vessels where blood thickness is greater absorption is high and 
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where blood thickness is low, transmission is high. The reflectance image of blood vessels looks 

broken in some places due to difference in blood volume in vessels compared to CCD camera 

image. The reflectance signal from biological sample is not so high compared to metal sample, but 

imaging was possible even for samples with low reflectance. These results demonstrate that the 

eyeglass type system which is fabricated by using a commercially available smart glass designed 

only for projection is capable of imaging biological samples with our designed optics and can be 

used for retinal imaging.  

3.4 Safe use of wearable device 

Optical devices that are used for imaging of retina often brings light into the eye through the pupil.  

Retinal damage from light exposure occurs principally from three different ways, (1) thermal 

damage, (2) photochemical damage and (3) thermo-acoustic damage. The literature about the 

scanning laser system often report about the details of laser power used which is generally below 

the safely limits recommended by American National Standards Institute’s (ANSI) laser safety 

standards [23]. These standards are about the use of maximum laser power and maximum 

permissible exposure over a certain pupil area for safety of patients. There is no perfect method to 

evaluate the potential hazard from the retinal exposure in system using laser scanning. We should 

first check the static beam power in front of the eye. In our fabricated system the laser power of 

static beam used for the experiments was 10µW which is quite low. We calculated the maximum 

beam power for our eyeglass type system by considering the visual angle for an exposure of 

5minutes (300s). A continuous wave laser with 638nm wavelength was used. The maximum 

permissible MPΦB (in watts) beam power for thermal limits was calculated by using the following 

expression [24]: 



MPΦB, CW, th = 1.41 Χ 10-4CTP-1300αF 

Where CT is function of wavelength and it is 1 for λ (400-700) [19]. P is pupil function which is 

defined by wavelength and exposure time. The exposure time was 300s which is reasonable 

duration for most clinical and experimental situations. The visual angle (αF) was 87.5mrad and 

calculated value for thermal limit is 0.6773 Watts. 

The photochemical limits in watts can be calculated by following expression [24]: 

 MPΦB, CW, ph = 2.36 Χ 10-8CBαF
2 

CB = is function of wavelength and it is 1000 for λ>600nm [24]. The calculated value for 

photochemical limit is 0.180 watts. The measured laser intensity in front of model eye is much 

lower than the calculated maximum permissible beam power limits for thermal and photochemical 

damage and it is safe for use. 

Conclusions 

 In summary, a wearable eyeglass type retinal imaging system was fabricated using a 2D 

MEMS scanning mirror and a commercially available projection smart glass. With added designed 

optics, the projection smart glass was able to detect reflectance signal from samples with variable 

reflectance. The images from model eye and biological samples such as ham slice and swine eye 

were successfully obtained. The wearable glass type retinal imaging system is lightweight 

measuring 150 grams. 2D-MEMS scanner helped to reduce system size and weight with advantage 

of fast scanning. The proposed wearable eyeglass type system can be applied an easy to use 

screening and regular monitoring tool for imaging of eye. The fabricated system has enough 

resolution for early detection and diagnosis of eye diseases such as glaucoma. The results are 

encouraging for development of wearable imaging device for eyes.  
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