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view.[1a] As inherited CVD is more 
common than acquired,[2] CVD types 
discussed in this paper along with the 
management methods are for congenital 
CVD. Most common congenital CVD 
is inherited in the X-Chromosome and 
affects one in 12 males (8%) and one in 
200 females (0.5%).[3] Moreover, in some 
populations, prevalence of CVD in males 
has reached to near 15%.[4]

CVD patients find difficulties in their 
day-to-day chores which involve distin-
guishing colors of similar shades. In 
a study done to assess the complica-
tions that CVD sufferers endure, it was 
concluded that patients cannot per-
ceive colors when they do chores such 
as cooking and watching TV.[5] Some 
patients also said that they prefer driving 

during daytime as it is difficult to distinguish traffic lights and 
road sign colors at night.[5] CVD patients are also restricted 
from careers that require normal color vision like engineering, 
aviation, military services, marine services, firefighting, and 
pharmacy.[6] Doctors and medical students who suffer from 
CVD, find difficulties in identifying body color changes due to 
a wide range of conditions like cyanosis, jaundice, and rashes. 
They also experience problems distinguishing blood and 
urine test strips.[7] CVD sufferers in the medical field made 
more mistakes than normal color-sighted individuals.[7b,8] 
Moreover, high school studies show that there is no correla-
tion between intelligence and color blindness, but there is a 
negative correlation between success and color blindness.[9] 
This demonstrates that students are struggling to perceive and 
comprehend the information presented to them, due to their 
conditions.

Moreover, CVD patients cannot enjoy various forms of 
entertainment. Figure  1 demonstrates how a normal color 
vision individual views football games and other day-to-day 
materials in contrast to how CVD patients view them. CVD 
football players reported their slower reaction time in games 
where teams’ shirts were red and green.[10] Organizations like 
Union of European Football Association (UEFA) and English 
Football Association (FA) have worked to produce color blind 
guidance booklets to help spread awareness.[11] American foot-
ball viewers were also furious with “Color Rush Campaign” 
designed to celebrate the league’s first game in colors. CVD 
viewers were not able to distinguish between the two teams, 
wearing red and green kits.[12]

Color vision deficiency (CVD) or color blindness is an ocular disorder that 
hinders the patients from distinguishing shades of certain colors. Color blind 
patients are often not considered for critical occupations (e.g., military, police) 
and cannot differentiate colors in public places or media (i.e., watching TV). 
The most common form of color blindness is red-green, which is a result 
of either a missing or defective red or green photoreceptor cone. Since no 
cure for this disorder exists, sufferers opt for methods to enhance their color 
perception. The products and methods that have been developed to aid CVD 
patients are discussed. These technologies include contemporary work on 
gene therapy, tinted glasses, lenses, optoelectronic glasses, and advanced 
features developed on smartphones and computers. Among these wearables, 
tinted glasses, developed by companies such as Enchroma, are the most 
widely used by CVD patients.
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1. Introduction

Color vision deficiency (CVD) is an ocular disorder that pre-
vents perceiving and distinguishing certain colors. Color 
blindness usually refers to CVD, since total color blindness, 
in which only greyscale vision is possible, is very rare. This 
ocular disease can either be acquired or congenital.[1] Con-
genital CVD is present from birth, affects both eyes, and 
decreases perception of the entire view. On the contrary, 
acquired CVD affects either a single eye or both eyes and 
reduces perception in limited regions of the individual’s 
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2. Color Vision Deficiency: Types and Diagnosis

Human color vision begins with light perception by photo-
receptor cells called cones.[3b,13] There are three types of cone 
photoreceptors cells: short (S) cones, medium (M) cones, and 
long (L) cones, which are commonly referred to as blue, green, 
and red cells, respectively.[3a,b,14] The S, M, and L cones have 
peak spectral sensitivity at 440, 540, and 560  nm, respectively. 
In normal color vision, all three cones are present and function 
according to their activation peaks.[3b,14b] The combined signal 
from the three photoreceptor cones is analyzed by the brain, 
and the color is observed.

Normal human color vision is trichromatic.[14c,15] Congenital 
CVD is caused by either a missing or faulty photoreceptor cones. 
The three different levels of CVDs are anomalous trichromacy, 
dichromacy, and monochromacy.[3a,b,5,14] In anomalous tri-
chromacy, one of the photoreceptor cones is defective. Anoma-
lous trichromacy is divided to protanomaly (defective red cone), 
deuteranomaly (defective green cone), and tritanomaly (defec-
tive blue cone). In dichromacy, one of the photoreceptors is 
completely missing. Dichromacy is also divided into protanopia 
(missing red cone), deuteranopia (missing green cone), and tri-
tanopia (missing blue cone).[3a,14c,15] Monochromacy, rarest form 
of CVD, involves the loss of at least two photoreceptor cones. 
Monochromats are either totally color blind (achromatopsia) 
or have only blue cone.[14c] Figure  2a shows how individuals 
with different CVDs perceive a picture. Figure  2b shows the 
sensitivity spectra of the normal human color vision and most 
common CVDs. Table 1 shows the prevalence of the different 
types of CVDs.[3a,14c,16] The most prevalent types of CVD are 
protans (protanopia and protanomaly) and deutans (deutera-
nopia and deuteranomaly) (Table  1). Protans and deutans are 
usually referred to as “red-green color blindness,” while tritans 
(tritanopia and tritanomaly) are classified as “blue-yellow color 
blindness.”[3a]

Figure  2b shows that the sensitivity of the red cones is 
shifted towards shorter wavelengths in protanomaly, while the 
sensitivity of the green cones is shifted towards longer wave-
lengths in deuteranomaly. Therefore, when light at the wave-
length of overlap is perceived by the eye, it activates both cones 
simultaneously.

People suffering from CVD are diagnosed in several ways. 
One of these methods is the use of pseudoisochromatic 
testing plates, which appear to be of a single color to individ-
uals suffering from CVD.[6b,17] The most common and widely 
available test is the Ishihara test. There are different versions 
from the Ishihara test, such as 10, 14, and 24 plate tests, but 
the 38-plate version is the one used in most studies.[18] Ishi-
hara is designed to identify only red-green color blindness. 
It cannot classify the patient as a protan or deutan, neither 
can it detect if the individual is a tritan.[19] Other tests were 
developed to aid with classifying the latter, such as Hardy–
Rand–Rittler (HRR), Farnsworth–Munsell (FM) 100 Hue, 
and Farnsworth D-15.[17,19,20] HRR, like Ishihara, uses pseu-
doachromatic plates; however, it can diagnose people with 
all types of CVDs. In Farnsworth D-15 and FM 100 Hue, 
colored plates are arranged based on their hue and intensity. 
Patients suffering from CVD have difficulties in identifying 
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the correct order of the plates.[19,20b] Another method involves 
the usage of anomaloscopes. Anomaloscopes utilize control 
knobs to match two images in their color and brightness. The 
readings obtained from the control knobs indicate the type 
and degree of CVD. Although they are the most difficult to 
use, anomaloscopes provide accurate classification of all CVD 
conditions.[20b]
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3. Management Technologies for Color Vision 
Deficiency

3.1. Gene Therapy

A cure for color blindness has not yet been developed; however, 
several attempts have been done to enhance the color vision of 
CVD patients. Of these attempts, Mancuso et al. evaluated gene 
therapy on two adult squirrel monkeys who were color blind 
since birth.[21] The monkeys were specifically missing long 
wavelength visual photopigment, L-cones. Recombinant adeno-
associated virus (rAAV), which modifies DNA sequences in 
cells, contained the L-cones gene and was fed through subret-
inal injections. For analysis of the experiment, monkeys were 
trained to do the Cambridge Colour Test. Prior to the treat-
ment, monkeys were not able to discriminate between blue-
green (490 nm) and red-violet (499 nm). Effects of L-cone gene 
injection were not observed till after 20 weeks postinjection. 
After repeating the test, monkeys have gained a trichromatic 
vision which remained stable for more than two years.[21] The 

investigators concluded that trichromacy can be achieved only 
by adding a third photoreceptor cone, which does not need to 
be in the early stages of the individual.

Another study was done by Alexander et  al., which showed 
that it is possible to cure mice suffering from achromatopsia 
(i.e., partial or total color vision loss) using cone-targeted gene 
therapy.[22] AAV along with red-green human opsin was used 
to target sequences in mouse cones. After two months, 19 out 
of 21 tested eyes responded positively to the therapy. Neural 
signals showed that mice adapted to the new input, and light-
adapted electroretinogram signals were in the normal range.[22] 
It is concluded that ideas from this study can help treat several 
CVDs that affect humans.

Moreover, Neitz et  al. studied the effect of gene therapy in 
mice and compared them with nonhuman-primates.[23] Post 
treatment results showed that red-green color vision in mice 
was very weak compared to humans with normal color vision 
and primates.[23] Monkeys and mice were also tested using the 
Cambridge Colour Test. This proves that there are large differ-
ences in how mice and monkeys respond to the photoreceptor 
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Figure 1.  Day-to-day activities and materials as perceived by individuals having a) normal color vision and b) CVD.
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Figure 2.  CVD color perception. a) Visual illustration of what is perceived by individuals having normal color sight and different types of CVDs.  
b) Sensitivity spectra of normal human vision and most common CVDs.
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added. The work also discusses the limitations of using gene 
therapy to correct human color blindness.

Cornelissen et  al. simulated how adding a photoreceptor 
cone to the retinas will affect the behavioral tests conducted 
by Mancuso and Neitz.[24] Cornelissen argues that although 
the monkeys have become “three-photopigment individuals,” 
the gene therapy did not necessarily make them trichromatic 
beings. The claim is that these tests do not provide a conclusive 
evidence that gene therapy cures color blindness in primates 
and can treat human color blindness.[24]

Gene therapy is yet to be applied on humans. The promi
sing results are those of Mancuso et  al. which showed that 
even two years after treatment, the monkeys did not show 
signs of serious complications. Moreover, as Cornelissen sug-
gests, further simulations and tests need to be conducted to 
assess the effectiveness of the therapies conducted on mice 
and monkeys.

3.2. Glasses

Nowadays, one of the main wearable devices used to aid color 
blind people is a form of tinted glasses.[25–35] The idea of using 
colored filters came from Seebeck in 1837.[2,25] By using a red 
filter followed by a green filter, Seebeck noted that patients 
could differentiate between the relative brightness of different 

shades of red and green. The red and green filters achieve the 
latter by blocking out wavelengths (540–580  nm), at which 
patients’ M-cone and L-cone overlap. After using the filters, 
both photoreceptor cells are activated individually depending 
on the wavelength of the incoming light. Moreover, the first 
pair of glasses, developed by Maxwell in 1857, was made of one 
lens dyed green and the other red. CVD subjects were able to 
discriminate between previously indistinguishable colors. From 
these results, Maxwell hypothesized that after prolonged expo-
sure to the glasses, subjects were able to differentiate between 
more shades of red and green out of habit.[25]

The current market leaders for color blind glasses are 
Enchroma (Figure  3). Enchroma glasses were first released 
in 2012.[26] The glasses use multi notch filter to remove red 
and green overlapping regions of the optical spectrum.[27] The 
tinting process of Enchroma utilizes the color filter concept 
developed by Seebeck. To absorb the desired wavelengths, 
dyes with narrow absorption bands are utilized; this is also 
done to avoid altering colors that can be rightly perceived by 
CVD patients. Moreover, the targeted absorption spectrum 
is selected based on the wavelengths in which the photo-
receptor cones overlap.[28] For instance, if a patient’s L-cone 
and M-cone overlap at 550 nm, a dye which has high absorb-
ance at that wavelength is applied on the glass substrate. The 
degree of absorption would depend on the patient’s CVD 
severity. Moreover, the diffusion of the dye into the glass 
material occurs at a temperature below the boiling point of 
the solvent containing the dye, which is usually below 60 °C. 
The solvent forces the lens material to swell to allow diffusion 
of the dye into the material. The glass lens then retains its 
original shape, and the dye is trapped within the material.[28] 
The lens material used in Enchroma glasses is Trivex, which 
is lighter, thinner, and stronger than the commonly used glass 
materials (CR-39 and polycarbonate).[26]

Gómez-Robledo et  al. evaluated the effectiveness of 
Enchroma glasses by firstly subjecting 48 CVD patients to 
Ishihara, Fansworth-Munsell Hue 100, and a subjective color 
naming test.[29] The second approach involved modeling 
the spectral transmittance of the glasses and the stimulus of 
the patients wearing them. As for the subjective experiment, 
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Table 1.  Prevalence of CVD types.[3a,14c,16]

CVD form Type Prevalence [%]

Monochromacy Achromatopsia 0.003

Blue cone monochromacy 0.001

Dichromacy Protanopia 1.01

Deuteranopia 1.27

Tritanopia 0.2

Anomalous trichromacy Protanomaly 1.08

Deuteranomaly 4.63

Tritanomaly 0.2

Figure 3.  Spectral transmittance of VINO and Enchroma CVD glasses. Adapted with permission.[32] Copyright 2019, The Optical Society.
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the improvements in Ishihara (<5%) and the FM 100 (<9%) 
tests were insignificant. Similarly, the patients were not 
able to score higher in the color naming test after wearing the 
Enchroma glasses. Deuteranomaly and deuteranopia patients 
had even more fails in the test. Overall, only one female patient 
with severe deuteranomaly noticed an improvement in color 
perception. In the second approach, images were simulated 
as seen by mild, medium, and severe deutan and protan. The 
noticeable variation was in chroma values. Images with high 
blue hues had a decrease in chroma while images with low or 
negative blue hues had an increase in chroma.[29] This can be 
seen from the spectral transmittance of Enchroma (Figure  3). 
Enchroma has a relatively high transmittance in the blue region 
of the optical wavelength spectrum. Enchroma glasses can only 
change few perceptive color attributes (chroma), but they do 
not enhance the scores in the color vision tests, nor they give 
the user a “normal color vision experience.”

Almutairi et  al. also recruited 10 CVD individuals and tested 
Enchroma glasses on them using ColorDx software (digital version 
of Ishihara test) and FM Hue 100. Only two individuals, who were 
severe deutans and protans, scored higher in the ColorDx test, 
while wearing the Enchroma glasses. Also, Enchroma did not 
improve the subjects’ score in the FM Hue 100 test.[33]

The second brand of CVD glasses is VINO/O2Amp glasses, 
which were originally made to enhance the oxygen signal 
from the blood under the skin, but the product manufac-
turers claim that it “corrects” the red-green color deficiency 
(Figure 3).[34] The glasses are priced at $250.

Martinez et  al. evaluated the VINO glasses by testing 
52 CVD subjects for Ishihara, FM Hue 100, and a color naming 
test.[32] The results indicate that the subjects were able to score 
better on the Ishihara test but have more errors in the other 
tests. A higher contrast would enhance the color distinction of 
the Ishihara plates. However, this does not represent the colors 
perceived by a normal color-sighted individual. This suggests 
that the VINO glasses do not correct the color vision of the 
CVD patient, but they only darken green color and increase the 
chroma for red color. The Enchroma glasses were also evaluated 
against the VINO glasses.[32] Authors suggest that VINO glasses 
allowed the patient to score better in Ishihara test because they 
provided an increased color contrast, especially for deutans. 
The authors conclude that both Enchroma and VINO glasses 
do not fully correct color blindness, but they can improve color 
distinction for specific applications.

As shown in Figure  3, transmission spectra of Enchroma 
and VINO show that the former glasses block light in fewer 
regions of the spectrum as compared to the latter. Hence, 
VINO glasses alter more of the colors in the spectrum, and con-
sequently colors that were correctly perceived by CVD patients 
might also shift. On the contrary, Enchroma blocks light only 
in the wavelengths that are problematic to the patients. For 
instance, in Figure  3, incoming light is only blocked (low 
transmittance) at 470 and 590 nm, while all other wavelengths 
remain unchanged.

Another company that manufactures CVD glasses is Color-
lite.[35] Klara Wenzel invented these glasses in 1998. Color-
lite also utilizes the concept of filters to block light in specific 
regions of the spectrum. Similar to Enchroma and VINO, 
Colorlite claims that their glasses “correct red-green color vision 

deficiency.”[35] The company, recently, started manufacturing 
CVD contact lenses as well. Even though Colorlite is one of the 
oldest manufacturers of color blind glasses, clinical studies on 
its effectiveness are limited.

Overall, the reviewed studies show that these tinted glasses 
do not provide a “normal color vision experience,” as pro-
claimed by the companies. Another issue is that these glasses 
are used for all types of CVD although they are designed to 
block light in specific wavelengths, and as discussed in the 
introduction, these wavelengths would be different for every 
CVD type. Also, they are not selective in terms of color enhance-
ment; they recolor the whole view of the patient.

3.3. Contact Lenses

In this subsection, contact lenses that were manufactured to 
aid CVD patients are discussed, and their effectiveness is evalu-
ated. Most colorblind contact lenses use the same concept of 
glasses (i.e., colored filters to block certain wavelengths of the 
human’s color vision spectrum). Since a contact lens is to be 
placed on the eye rather than to be resting in front of it, it has 
a stricter health and safety regulations. One of the first tinted 
lenses introduced to assist color blind patients is X-Chrom. 
X-Chrom lens is a monocular corneal contact lens manufac-
tured by the X-Chrom Corporation. It is made of polymethyl 
methacrylate (PMMA) and red dye for wavelength filtering 
properties.[36] This lens functions on the principle of a red 
filter, i.e., placing it on one eye would enhance the contrast for 
undistinguishable colors. The X-Chrom lens absorbs colors in 
the wavelength region of 500–570  nm.[37] Siegel evaluated the 
effect of using the X-Chrom lens.[38] Siegel refuted the claims 
of the manufacturers who said that the lens corrects the color 
defectiveness. He argued that protans and deutrans suffer from 
defective or missing red-green cone pigments, so inserting 
a red tinted lens on the eye would certainly not “correct” the 
deficiency. However, filters can only reduce the amount of 
absorbed light in specific regions of the wavelength spectrum. 
Siegel mentioned a study done by LaBissoniere, an optometrist, 
who also suffered from deuteranomaly.[39] LaBissoniere experi-
mented the lenses on defective subjects and used vision per-
ception tests for assessment. The participants showed a score 
improvement in these tests. LaBissoniere further experimented 
the lenses on himself by wearing them for 50 h and assessing 
the vision discrepancies. He noted a decrease in color con-
trast, specifically red-orange and red-yellow, and his score in a 
hue discrimination test was 50% less than with the lens.[38–39] 
X-Chrom lens aids in color perception but does not correct the 
deficiency, and patients should be aware of the adverse effects 
of wearing it.

Unlike X-Chrom, which is a hard lens, ChromaGen are soft 
lenses that are made of Hioxifilicon A, copolymer of hydroxy-
ethyl methacrylate and glycerol methacrylate. ChromaGen 
was introduced by an English optician David Harris.[42] The 
tinted lenses were made for glasses and contact lenses, but 
the contact lenses form is more popular.[42b] ChromaGen pack-
aging and contact lens is shown in Figure  4c. A study tested 
the ChromaGen lenses on 14 young adults over a period of 
two weeks.[43] Lenses tint depended on the patient’s CVD 
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type. Deuteranomaly and deuteranopia patients showed a vast 
improvement on the Ishihara test; protanomaly and protan-
opia patients’ color perception improved also but to a smaller 
extent. As for the Farnsworth Lantern test, most patients did 
experience a better color perception. It can be asserted that 
ChromaGen lenses can improve the color perception in some 
cases but cannot help CVD patients in day-to-day chores.[43] The 
main difference between the ChromaGen and X-Chrom lens 
is that ChromaGen covers only the pupil of the eye (Figure 4a) 
while X-Chrom covers the pupil and iris (Figure 4b).

Oli et  al. also evaluated the effectiveness of a red contact 
lens, similar to ChromaGen, made of poly-2-hydroxyethyl meth-
acrylate, using color vision tests.[41] The tests were Ishihara, 
Farnsworth D-15, and Martin Lantern Test. 30 CVD patients 
were tested with and without the lenses, of which 18 had deu-
teranomaly, and seven suffered from protanomaly. Five peo-
ple’s CVD could not be identified. Results based on the three 
tests showed a reduction in error score when the lens was 
used.[41] The mean error scores for the three tests are shown 
in Figure 4d. Discrepancies in individual improvement among 

the patients were minor which confirms that almost all subjects 
benefited from the red lens.

Colormax or Color Correction System is another CVD con-
tact lens manufacturer. Colormax also uses customized filters 
to alter the wavelengths of the colors perceived by the patients’ 
eyes. The latter is designed uniquely as per the patient’s CVD 
type and severity. Thomas Azman invented the Color Correc-
tion System in 1999. His company currently offers CVD contact 
lenses and glasses. Patients need to be diagnosed and have an 
appropriate lens prescribed to them. Diagnosis is done using 
Ishihara Test plates.

More recently, Badawy et al. developed and evaluated a cost-
effective contact lens, dyed with fluorescent Atto dyes, to filter 
out the wavelength bands affected by red-green vision deficiency 
namely: deuteranomaly, deuteranopia, protanopia, and pro-
tanomaly.[44] Customized lenses (made from poly 2-hydroxyethyl 
methacrylate (pHEMA)) and commercial contact lenses were 
dyed using two techniques. One involving adding drops of the 
dye solution onto the surface of the lens (Figure 5e) while in the 
second, the lens was dipped into the dye solution (Figure 5f).

Adv. Mater. Technol. 2020, 5, 1901134

Figure 4.  Use of commercial lenses to aid CVD patients. a) ChromaGen lens applied to the pupil. b) X-Chrom lens applied to the pupil and iris. 
c) ChromaGen lens. Inset shows the packaging of the lens. Reproduced with permission.[40] Copyright ChromaGen. d) Effect of using red lens 
represented by error scores in diagnostic tests for 30 CVD patients.[41]
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Initially, the drop method yielded better absorption proper-
ties, but the dip method provided better stability for the lenses 
over a one-day period as shown in Figure  5c,d. The contact 
lens’s toxicity toward human corneal cells and response to eye 
tear was assessed. A phosphate buffered saline (PBS) solution 
was used to simulate the tear. As expected, the lens’ absorp-
tion decreased as the lens was in contact with the PBS solu-
tion. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide, commonly known as MTT assay, was carried out on 

human corneal epithelial and fibroblast cell samples exposed 
to the dyed lenses. Toxicity was not observed, and cell viability 
remained at 99%.[44]

The contact lenses have been tested on several individuals 
with and without CVD, using Ishihara test.[44] Quantitative 
results have not been disclosed. Normal color vision sub-
jects identified an enhancement in color contrast, but color 
perception improvement in CVD patients varied significantly. 
This might be due to some patients not knowing their CVD. 

Adv. Mater. Technol. 2020, 5, 1901134

Figure 5.  Atto dye use in contact lens. a) Spectral absorbance of Atto 565. b) Chemical composition of the dye. Lens’ transmission spectrum and 
stability checked after one hour and after one day for c) dip method and d) drop method. Visual representation of e) the dip method and f) the drop 
method. g) Dyed lens on an artificial eye. Reproduced with permission.[44] Copyright 2018, Wiley.
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Since the lenses were designed to absorb the red-green wave-
length overlap bands region (545–575 nm), they would not filter 
out wavelengths that might cause other CVD forms.

Similar to the commercially available glasses (Enchroma and 
VINO), tinted contact lenses improve the color perception in some 
cases (especially for severe deutans and protans) and provide an 
enhanced color distinction experience, but they do not correct 
color blindness. Individuals can use the lenses in soft color related 
tasks. However, some people might use them to qualify for critical 
occupations (e.g., military) that are restricted for color blind.

Other concepts which utilize contact lenses, include the 
usage of nanoparticles. Gold and silver nanoparticles have been 
used in the biomedical sector, particularly, in sensing, drug 
delivery, cancer therapy, X-ray imaging, and optical processes.[45] 
These nanoparticles, depending on their sizes, can absorb light 
in different regions of the wavelength spectrum. Smaller sized 
particles can absorb light in the blue region of the spectrum 
(400–450 nm). As the size of the particles increase, the absorp-
tion wavelength increases (shifts to red-green region).[46] Gold 
and silver nanoparticles are highly effective in absorbing and 
scattering light. Surface plasmon resonance (SPR) is respon-
sible for this optical property of the metallic nanoparticles. SPR 
refers to the collective oscillation of conduction electrons due to 
the electric field of the incident light.[47] However, the absorp-
tion bands of these particles are relatively larger than dyes.[47] 
Thus, they would also affect wavelengths that are not problem-
atic for CVD patients. Also, the complexity of incorporating 
them into the lenses makes them less practical.

3.4. Dyes in Contact Lenses

In this subsection, the various types of dyes used in contact 
lenses to filter out certain colors of the visible light spectrum 
are discussed. Sulfur, vat, reactive, and Rhodamine dyes have 
been used in tinting contact lenses manufactured for CVD 
management.[48] Generally, sulfur dye is the most common 
dye used in cotton clothes manufacturing, because of its cost-
effectiveness (Figure 6).[48a,49] This dye is water-insoluble; how-
ever, at high alkaline pH and high temperature, it becomes 
water-soluble in presence of a reducing agent.[48d] Hence, it can 
be absorbed by the contact lenses matrices. Commonly, sodium 
sulfide or sodium hydrosulfide is used as a reducing agent for 
sulfur dyes.[48a,50] Following the tinting process, the colored con-
tact lenses are left to dry in air which oxidizes the sulfur dye 
regenerating the water-insoluble dye form.[48d,50] The low water 
solubility of the dye coloring the contact lenses is the basis for 
prohibiting the dye leakage.[50] Also, vat dye which is applied 
on cellulosic fibers for coloring, has been employed for tinting 
commercial contact lenses.[48e] High pH and a reducing agent 
are necessary for the tinting process. The reducing agent con-
verts the dye into leuco form which is soluble in water.[48b] 
Hence, the dye is attached to the contact lens, and the leuco 
form is oxidized due to the air exposure of the contact lenses. 
This results in the formation of an insoluble form of the dye.

Reactive dyes have been used in tinting cellulose fibers such 
as cotton and viscose. Advantageously, this dye can form a cova-
lent bond between the contact lenses and its reactive group.[52] 
Reactive dyes are soluble in water and can be used for dying 

in cold or hot conditions. However, the tinting process of the 
contact lenses must be followed by the exposure to alkali. The 
lenses are then washed-off to remove the uncrosslinked dye.[52b]

Recently, rhodamine dyes have been used for tinting contact 
lenses. Harding et al. tinted contact lenses using rhodamine 110, 
Rhodamine 123, rhodamine 6G, rhodamine 116, and rhodamine 
B (Figure  6).[51] The dying was carried out through chemical 
cross-linking and spin coating for home-made soft contact 
lenses, hard contact lenses, and hybrid contact lenses. Alterna-
tives to the rhodamine dyes include the Atto dyes, which have 
been recently used to tint CVD lenses. For instance, Badawy 
et al. used Atto 565 (chemical structure shown in Figure 5b) to 
tint the hydrogel contact lenses, where 565 represents the wave-
length of the peak fluorescence of the dye (Figure  5a).[44] The 
implementation of the dye on the lens was successful using the 
techniques illustrated in the previous subsection.

3.5. Optoelectronic Glasses

With the developments in the smart glasses and other head 
mounted wearables, the usage of such active optoelectronic 

Adv. Mater. Technol. 2020, 5, 1901134

Figure 6.  The chemical formulae for different types of dyes that have been 
used for tinting contact lenses for CVD treatment.
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glasses in CVD management has been explored by several 
researchers.[53–62] Lausegger et  al. introduced an experimental 
prototype of a Google Glass application, called Omnicolor, to 
help people with color deficiency.[53] Google Glass, first manu-
factured in 2013, is a head mounted wearable device which is 
priced at $1500. The glass has smartphone and laptops like 
features including CPU, camera, microphone, display unit, 
and a touchpad.[54] Google Glass can be controlled either by the 
touchpad mounted on the right side of the device or by head ges-
tures and voice input. It has a screen resolution of 640 × 360 pixels 
and a camera with 5 Megapixel resolution.[53] Omnicolor allows 
the user to select the desired color vision deficiency and capture 
a picture. The application processes it based on the selected color 
vision deficiency. Omnicolor uses a modified version of the dal-
tonization algorithm as its image processing technique. Daltoni-
zation algorithms aim to shift colors from the confusion lines of 
the patients to colors which they can see. Patients, depending on 
their CVD type, have different confusion lines (Figure 7d). Color 
blind people cannot distinguish colors along the same line.[55] To 
evaluate the efficacy of Omnicolor, 14 CVD subjects were tested 
with and without the prototype. Overall, the CVD participants 
were able to score better when using Omnicolor.[53]

Tanuwidjaja et  al. also demonstrated the use of Google 
Glass to aid CVD patients, by developing an application named 
Chroma.[59] Chroma permits patients to see a recolored filtered 
image in real-time based on their CVD type. It does the latter by 
asking the users to select the colors of their interest in a specific 
scene and filters the scene based on the colors chosen. The filter 

attempts to map the selected colors to ones that are distant on 
the color spectrum and distinguishable for color blind patients. 
Similar to Omnicolor, the Chroma filter utilizes daltonization 
algorithms. To assess the prototype’s efficacy, 23 CVD patients 
used the glasses and were subjected to two types of tests: general 
tests like Ishihara and occupation specific tests. Example of the 
latter is questioning the subjects on colors of pH strips. Results 
indicate that the severity of the patients’ CVD reduced when 
using Chroma. However, limitations of the prototype include its 
low processing power, battery life, and camera’s resolution.[59]

Popleteev et al. developed a smart glass application aimed to 
aid color blind patients in distinguishing problematic colors in 
daily life.[60] Unlike the previous prototypes, the application was 
implemented on Epson Moverio BT200 smart glasses, which 
was first introduced in 2014. Epson smart glasses are priced 
at $600. Since Epson smart glass is more affordable than the 
Google Glass, it has become more popular in research fields.[61] 
The application developed[60] improves the image for color blind 
people by processing the frames from a live video stream, altering 
the frames containing the indistinguishable colors for the color 
blind, and finally displaying the processed video. The application 
focuses on increasing contrast between red and green colors for 
which it utilizes two processing techniques. In the first approach, 
the image is enhanced by increasing the contrast among indis-
tinguishable colors (like red and green) and producing a com-
pletely new image. The second technique improves only certain 
parts of the image which have the problematic colors. The appli-
cation has not been tested yet.[60]

Figure 7.  Incorporating optoelectronic glasses to aid CVD patients. a) Smart glasses in CVD diagnosis tests. Reproduced with permission.[53] 
Copyright 2017, International Journal of Interactive Mobile Technologies. b) Attachment of external hardware to Epson smart glass. c) Closeup of 
the external attachment including the camera and beam splitter (red arrow). b,c) Reproduced with permission.[58] Copyright 2018, Association for 
Computing Machinery. d) Confusion lines for deuteranopia, protanopia, and tritanopia. Adapted with permission.[55a] Copyright 2010, Daltonize.
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Moreover, Langlotz et  al. presented ChromaGlasses, a pro-
totype of an optical head mounted display to aid color blind 
patients (Figure  7b). In contrast to the previous studies pre-
sented, these glasses allow the user to look directly in their 
line of sight rather than viewing the processed result through 
the periphery.[58] Like Popleteev’s application, an Epson Mov-
erio smart glass was used for the system’s processing. An 
external camera is attached to the smart glasses as shown in 
Figure  7c.[58] The camera is used to capture the environment 
of the user, from his/her vision’s axis. ChromaGlasses use the 
camera to map the user’s view, find colors that are difficult to 
distinguish, and alternate these colors based on Daltonization 
algorithms. Langlotz et al. states that their feasibility, usability, 
and user feedback tests show that the ChromaGlasses enhanced 
the users’ perception of colors “to the level that they cannot be 
detected as color blind.”[58] Further research needs to be done to 
improve issues like the latency, which is about 0.3 s.

Melillo et  al. developed a real-time wearable augmented 
reality system.[62] This prototype, unlike the ones in the pre-
vious studies, is not based on any commercial smart glass 
(Epson or Google); it is custom-made to aid CVD patients. The 
system consists of three main modules: acquisition, processing, 
and rendering. As for the acquisition module, an OVRVISION 
PRO camera with a resolution of 120 × 50 pixels was utilized, 
to capture the feed real-time. The processing module, which is 
customized per the CVD type, uses daltonization algorithms to 
implement the color remapping. The output is then displayed 
on a head mounted display. The performance of the prototype 
was evaluated by subjecting 24 patients to Ishihara and Farns-
worth D15 tests. Although the results of the test show that 
the patients were able to identify more plates when using the 
wearable augmented system, the prototype is yet to be tested 
outdoors.[62]

Even though the research on optoelectronic glasses for 
color blindness is limited, prototypes like the customized 
wearable augmented reality system and ChromaGlasses have 
the potential to help the CVD patients because they alter the 
specific colors that are problematic for them unlike the tinted 
glasses and lenses which modify their entire vision. Table  2 
summarizes the wearable devices that were reviewed in this 
paper along with the tests conducted and corresponding 
results.

3.6. Features in Smartphones and Computers

Companies like Microsoft, Google, and Apple have developed 
features in their operating systems to aid color blind patients. 
Microsoft added a color filter feature to Windows 10, in which 
CVD users can alter the color of the screen (windows and all 
programs) to enhance their color perception (Figure  8a). In 
the color filter feature, Windows 10 includes a color wheel, 
so users who are unaware of their CVD type will select the 
filter that improves color contrast. Similarly, Apple and 
Google have added this feature to IOS and Android, respec-
tively (Figure  8b,c). The color filtering feature included the 
three different forms of CVD: protanopia, deuteranopia, and 
tritanopia.

4. Conclusion

Patients with CVD find difficulties perceiving shades of similar 
colors, which may hinder numerous aspects of their daily lives, 
like cooking, playing sports, driving, and watching TV. Critical 
occupations (military, navy, and few medicine specializations) 
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Table 2.  Summary of the commercial and research based ocular wearables and their testing results.

Class Wearable Testing Results

Tinted glasses Enchroma Ishihara, FM Hue 100, and subjective color 
naming test[29,32,33]

Insignificant improvements in all tests

VINO/O2Amp Ishihara, FM Hue 100, and color naming test[32] Improved color contrast and fewer errors in Ishihara

Colorlite – –

Tinted lenses X-Chrom Ishihara and HRR[38] Better color contrast and fewer errors in both tests

ChromaGen Ishihara, Farnsworth D-15, and Farnsworth 
Lantern[43]

Improved color contrast and fewer errors in all tests

Colormax – –

Atto565 dyed lens Ishihara[44] Enhanced color contrast but inconsistent improvements 
in test scores

Optoelectronic glasses Omnicolora) Ishihara[53] Fewer error scores for all participants

Chromaa) Ishihara and occupation specialized tests[59] Fewer error scores in Ishihara but inconsistent improve-
ments in occupation related tests

Colorizerb) – –

ChromaGlassesb) Ishihara[58] Improved color perception and significant reduction in 
error scores for most participants

Customized wearable augmented 
reality system

Ishihara and Farnsworth D-15[62] Fewer error scores in both tests

a)Based on Google Glass; b)Based on Epson Moverio.
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are restricted for color blind people. To be able to discrimi-
nate between indistinguishable colors, CVD sufferers opt 
for the tinted lenses and glasses. Even though they do not 
provide a normal color vision experience, tinted lenses and 
glasses allow color blind individuals to distinguish between 
colors that previously appeared the same. Enchroma glasses 
and ChromaGen lens are the most used and effective for 
color blind patients. However, prospects for gene therapy and 
optoelectronic glasses are very promising, but both manage-
ment techniques still require more research to be implemented.
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