EVALUATION ON PHOTOBIOLOGICAL SAFETY OF LED LIGHT SOURCES FOR CHILDREN APPLICATIONS
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Abstract:  
Due to unique advantages, LEDs are widely used in every aspect of daily life. However, there is no existing suitable safety evaluation of LED for children applications. In this paper, the safety evaluation of LED light sources based on the differences of the physiological structure characteristics of children’s eyes and psychological performance comparing with that of adults, is introduced.The experiment has been completed for various LEDs, and results were obtained, and thus finally a modification advice for the evaluation of photobiological safety of LED light sources, which is suitable for children condition, is proposed.
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1 Introduction
With the rapid development of LED technology and the advantages of long lifetime, small size, high brightness and high energy efficiency, LED products are becoming more and more prevalent in our daily life. The development trend of high light efficiency, high luminance, high power and high luminous flux of LED light sources has increasingly aroused people’s attention to safety problem in use. Standards concerning safety evaluation of luminous radiation of LED products as light sources have already been setup, such as IEC 62471（CIE S009）. Except for special purpose (such as medical application), during normal use and foreseeable misuse, the optical radiation should not exceed exposure limits values (ELVs) recommended by Guidelines of International Commission on Non-Ionizing Radiation Protection (ICNIRP). According to IEC 62471(CIE S 009), EL refers to “Level of exposure to the eye or skin that is not expected to result in adverse biological effects.” Based on the relationship between AEL (Accessible Emission Limit) and ELV, IEC 62471 establishes a safety evaluation method and system based on AELs（Accessible Emission Limit）. Meanwhile, this standard has clearly given out the specific factors involved in the determination of the ELVs, including pupil diameter, angle subtense and measurement field of view, continuous exposure duration, test distance (20cm) and so on.
However, exist safety evaluation standards and methods do not take the difference between children’s eyes and adults’ eyes, as well as children’s curiosity and other psychological factors into the evaluation of LEDs which are used for Children(such as LED light sources used in Children’s toys and reading lamps). There are differences between children's eyes and those of adults in aspects of physiological structure and optical characteristics (such as the bearing ability of retina cell to optical radiation, spectral transmittance of intraocular media and focusing ability), The LED which has been classified into exempt group according to the evaluation standard suitable for adults' eyes may still possess high risks on children. Therefore, it is of great significance to adopt the factors of physiological differences, especially optical characteristics differences between children’s eyes and adults’ eyes, and children’s much stronger curiosity than adults, during the safety evaluation of LED, so as to explore a more suitable safety evaluation method of LED for children. Meanwhile, through the comparative measurement, analyze and summarize the effects of above difference factors on safety assessment, and give out a modified assessment method for the safety evaluation of LED used for Children.
2 Research idea
This paper discusses LED light safety issues based on the following basic thoughts: The LED emission under worst condition exposure should not result in overexposure to personals. This concept tallies with key concept of IEC 62471(CIE S009) standard. Safety evaluation of LED light sources in this paper is also based on the method in IEC 62471 standard. But we add the factors of difference between children’s eyes and adults’ eyes, bring forward evaluation method after including above differences, and carry out relevant measurements and analyses.
Retinal damage is closely related to the size of focal image on the retina, while the size of focal image depends on observation distance. As for adults, the minimum distance required for clear imaging in human eyes is 10 cm to 20cm. IEC62471 standard defines 20cm (distance of distinct vision of normal adults at the age of about 20 during daily life) to be the distance under the most adverse observation condition for safety evaluation.
Regarding LED whose application objects are children (such as LED used in Children’s toys and reading lamps), due to children’s more obvious curiosity than adults and inadequate consciousness of hazards to eyes, children will inevitably lack adults’ conscious evasion and self-protection behaviour, so radiation damage risk is obviously higher than adults. The evaluation standard and method for this kind of the application should be distinguished from those for current general use, and should be researched as a specific subject. 

The difference between children’s and adults’ eyes is an important research foundation of this paper. Differences between both groups are compared and analyzed from two aspects: 

· Considering the focusing ability of children’s eyes is much stronger than adults’ eyes (see Table 1), near point distance reaches 7cm. And considering children’s curiosity and lack of evasion and self-protection behaviour, the application distance under the worst case condition of use can be 7cm, instead of 10cm adopted for laser sources, or 20cm for general use light sources.
Table 1 Near Point Distance and Far Point Distance for Different Ages
	Age
	10
	20
	30
	40
	50
	60
	70
	80

	Near point distance / cm
	-7
	-10
	-14
	-22
	-40
	-200
	100
	40

	Far point distance / cm
	∞
	∞
	∞
	∞
	∞
	200
	80
	40

	Max.diopter accommodation (D)
	14
	10
	7
	4.5
	2.5
	1
	0.25
	0


Tissues of human eyes play a significant role in absorbing harmful radiation entering eyes. For ultraviolet wavelength 180nm~400nm, the energy of ultraviolet rays is mostly absorbed by crystalline lens. Especially for the wavelength 300nm～380nm, the absorption percent is more than 40% (36% at 320nm; 48% at 340nm; 52% at 360nm). The spectral transmittance of the ocular media is also another important difference factor determining the effect of radiation at such wavelength on children’s retina. Figure 1 shows the spectral transmittance of the ocular media at the age 1 and 20.
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Figure 1- Human lens average transmittance

Considering the spectral distribution of LED, this study mainly focuses on Retinal blue light hazard and Retinal thermal hazard.
The risk of blue-light to retina is evaluated as follows:
· For category Risk0/Risk1, observe for 10000s (nearly 2.8h) under general lighting condition. The worst case is based on the comfortable distance of distinct vision, i.e. 20cm. Under this circumstance, only the transmission difference of eyes between children and adults is included in evaluation as the modifying factor;
· For category Risk2/Risk3, observe for 0.25s, using the possible ultimate focusing distance of human eyes 10cm for adults (or 7cm for children). Under this circumstance, both the children’s ultimate focusing distance and transmission difference are included in the evaluation;
· For category Risk1/Risk2, observe for 100s, using the possible focusing distance of human eyes 10cm for adults (or 7cm for children). Under this circumstance, both the children’s ultimate focusing distance and transmission difference are included in the evaluation;

The risk of Retinal thermal hazard is evaluated as follows:
Radiation time for evaluation has 10s and 0.25s. Use the possible focusing distance of adults’ eyes of 10cm (or 7cm for children). Especially for near infrared LED (amblyopia condition), the possible ultimate focusing distance (10cm or 7cm for children) must be preferred in evaluation. Under this circumstance, both the ultimate focusing distance and transmission difference of children’s eyes are included in the evaluation.
3 Measurement and Analysis 
In this research, we consider the difference under the above-mentioned worst case distance to change the measurement distance during experiments, and use spectral transmittance of the eye media as a weighting function, so as to establish an evaluation method suitable for children’s eye characteristics. Then we can make the measurement of the radiation of LEDs specialized for children’s eyes, and select the typical LEDs for measurement. Finally we compare the measurement results with the data based on the measurement and evaluation of adults’ eyes, and bring forward the evaluation model and device of optical radiation of LED light sources suitable for Children’s eyes.
Since the evaluation method of IEC 62471 is currently available, this paper won’t elaborate on it. The main difference between evaluation method used in this measurement and IEC 62471 is the selection of worst case distance and introduction of the spectral transmittance difference between children’s eyes and adults’ eyes. Other conditions and influencing factors remain unchanged.
In order to compare different type of LEDs, two groups of LEDs which are high power and low power respectively were measured. The following measurement carried out in the conditions as follows: 
· Condition 1：

Distance is 200mm，spectral transmittances of 20 year adult，other conditions are same as in IEC 62471；
· Condition 2：
Distance is 70mm，spectral transmittances of 20 year adult，other conditions are same as in IEC 62471； 
· Condition 3：
Distance is 200mm，spectral transmittances of 1 year newborn, other conditions are same as in IEC 62471； 
· Condition 4：
Distance is 70mm，spectral transmittances of 1 year newborn, other conditions are same as in IEC 62471； 
All the measurement results are listed in Table 2-Table 5 for different conditions. The analysis of the results is made as follows: 
Set the measurement results of condition 1 as the base point of the evaluation, and the results from other conditions compared with the base point according to the equation (1)(Blue light exposure hazard for example). 
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Where 

Lrn               is the radiance of blue light hazard under condition n;

Lr1              is the radiance of blue light hazard under condition 1;
Measurement Results of High power LEDs

Retinal blue light hazard exposure （High power）
Table 2– Results of Retinal blue light hazard（High power）
	Limits
	Blue light Hazard(Lb)(W·m-2·sr-1)

	
	

	
	Exempt
	Low Risk
	Mod Risk
	Risk Group

	
	Condition
 N
	Sample
	1.000E+02
	1.000E+04
	4.000E+06
	

	Results
	Condition1
	BLUE
	8.697E+02
	1.963E+03
	1.632E+04
	Low Risk

	
	
	GREEN
	2.342E+01
	5.649E+01
	3.712E+02
	Exempt

	
	
	RED
	1.059E+00
	2.228E+00
	1.751E+01
	Exempt

	
	Condition 2
	BLUE
	1.503E+03
	1.251E+04
	2.076E+04
	Mod Risk

	
	
	GREEN
	3.985E+01
	2.919E+02
	4.583E+02
	Exempt

	
	
	RED
	1.796E+00
	1.237E+01
	2.804E+01
	Exempt

	
	Condition 2
Radiant exposure increase
	BLUE
	72.8%
	537.3%
	27.2%
	/

	
	
	GREEN
	70.2%
	416.7%
	23.5%
	/

	
	
	RED
	69.6%
	455.2%
	60.1%
	/

	
	Condition 3
	BLUE
	9.485E+02
	2.141E+03
	1.780E+04
	Low Risk

	
	
	GREEN
	2.424E+01
	5.846E+01
	3.842E+02
	Exempt

	
	
	RED
	1.069E+00
	2.248E+00
	1.767E+01
	Exempt

	
	Condition 3
Radiant exposure increase
	BLUE
	9.1%
	9.1%
	9.1%
	/

	
	
	GREEN
	3.5%
	3.5%
	3.5%
	/

	
	
	RED
	0.9%
	0.9%
	0.9%
	/

	
	Condition 4
	BLUE
	1.637E+03
	1.362E+04
	2.261E+04
	Mod Risk

	
	
	GREEN
	4.125E+01
	3.022E+02
	4.744E+02
	Exempt

	
	
	RED
	1.811E+00
	1.248E+01
	2.827E+01
	Exempt

	
	Condition 4
Radiant  exposure increase
	BLUE
	88.2%
	593.8%
	38.5%
	/

	
	
	GREEN
	76.1%
	435.0%
	27.8%
	/

	
	
	RED
	71.0%
	460.1%
	61.5%
	/


Retinal thermal hazard exposure（High power）
Table 3–Results of Retinal thermal hazard（High power）
	Limits
	Retinal thermal Hazard(Lr)( W·m-2·sr-1)

	
	

	
	Exempt
	Low Risk
	Mod Risk
	Risk Group

	
	Condition N
	Sample
	28000/α
	28000/α
	71000/α
	

	Results
	Condition1
	BLUE
	1.965E+04
	1.965E+04
	1.633E+05
	Exempt

	
	
	GREEN
	1.327E+03
	1.327E+03
	8.721E+03
	Exempt

	
	
	RED
	2.126E+03
	2.126E+03
	1.671E+04
	Exempt

	
	Condition 2
	BLUE
	1.254E+05
	1.254E+05
	2.081E+05
	Exempt

	
	
	GREEN
	6.787E+03
	6.787E+03
	1.065E+04
	Exempt

	
	
	RED
	1.190E+04
	1.190E+04
	2.697E+04
	Exempt

	
	Condition 2
Radiant exposure increase
	BLUE
	538.2%
	538.2%
	27.4%
	/

	
	
	GREEN
	411.5%
	411.5%
	22.1%
	/

	
	
	RED
	459.7%
	459.7%
	61.4%
	/

	
	Condition 3
	BLUE
	2.143E+04
	2.143E+04
	1.781E+05
	Exempt

	
	
	GREEN
	1.362E+03
	1.362E+03
	8.953E+03
	Exempt

	
	
	RED
	2.136E+03
	2.136E+03
	1.679E+04
	Exempt

	
	Condition 3
Radiant exposure increase
	BLUE
	9.1%
	9.1%
	9.1%
	/

	
	
	GREEN
	2.6%
	2.6%
	2.7%
	/

	
	
	RED
	0.5%
	0.5%
	0.5%
	/

	
	Condition 4
	BLUE
	1.365E+05
	1.365E+05
	2.265E+05
	Exempt

	
	
	GREEN
	6.968E+03
	6.968E+03
	1.094E+04
	Exempt

	
	
	RED
	1.196E+04
	1.196E+04
	2.710E+04
	Exempt

	
	Condition 4
Radiant exposure increase
	BLUE
	594.7%
	594.7%
	38.7%
	/

	
	
	GREEN
	425.1%
	425.1%
	25.4%
	/

	
	
	RED
	462.6%
	462.6%
	62.2%
	/


Measurement Results of low power LEDs

Retinal blue light hazard exposure （low power）
Table 4–Results of Retinal blue light hazard（low power）
	Limits
	Blue light Hazard(Lb)( W·m-2·sr-1)

	
	

	
	Exempt
	Low Risk
	Mod Risk
	Risk Group

	　
	Condition N
	Sample
	1.000E+02
	1.000E+04
	4.000E+06
	

	Results
	Condition1
	White
	5.579E+00
	4.045E+02
	1.316E+03
	Exempt

	
	
	BLUE
	6.205E+00
	1.797E+02
	6.545E+02
	Exempt

	
	
	GREEN
	1.703E-01
	2.470E+00
	1.552E+01
	Exempt

	
	
	RED
	1.123E-03
	3.881E-02
	2.286E-01
	Exempt

	
	Condition 2
	White
	4.200E+01
	1.131E+03
	1.634E+03
	Exempt

	
	
	BLUE
	3.032E+01
	3.474E+02
	2.703E+03
	Exempt

	
	
	GREEN
	8.823E-01
	4.178E+00
	3.130E+01
	Exempt

	
	Condition 2
Radiant exposure increase
	White
	652.8%
	179.6%
	24.2%
	Exempt

	
	
	BLUE
	388.6%
	93.3%
	313.0%
	Exempt

	
	
	GREEN
	418.1%
	69.1%
	101.7%
	Exempt

	
	Condition 3
	White
	6.005E+00
	4.354E+02
	1.416E+03
	Exempt

	
	
	BLUE
	6.687E+00
	1.936E+02
	7.053E+02
	Exempt

	
	
	GREEN
	1.768E-01
	2.564E+00
	1.612E+01
	Exempt

	
	
	RED
	1.129E-03
	3.901E-02
	2.298E-01
	Exempt

	
	Condition 3
Radiant exposure increase
	White
	7.6%
	7.6%
	7.6%
	/

	
	
	BLUE
	7.8%
	7.7%
	7.8%
	/

	
	
	GREEN
	3.8%
	3.8%
	3.9%
	/

	
	
	RED
	0.5%
	0.5%
	0.5%
	/

	
	Condition 4
	White
	4.520E+01
	1.217E+03
	1.758E+03
	Exempt

	
	
	BLUE
	3.269E+01
	3.746E+02
	2.914E+03
	Exempt

	
	
	GREEN
	9.171E-01
	4.343E+00
	3.254E+01
	Exempt

	
	Condition 4
Radiant exposure increase
	White
	710.2%
	200.9%
	33.6%
	/

	
	
	BLUE
	426.8%
	108.5%
	345.2%
	/

	
	
	GREEN
	438.5%
	75.8%
	109.7%
	/


Retinal thermal hazard exposure（low power）
Table 5–Results of Retinal blue light hazard（low  power）
	Limits
	Retinal thermal Hazard(Lr)( W·m-2·sr-1)

	
	

	
	Exempt
	Low Risk
	Mod Risk
	Risk Group

	　
	Condition
N
	Sample
	28000/α
	28000/α
	71000/α
	

	Results
	Condition1
	White
	4.749E+03
	4.749E+03
	1.545E+04
	Exempt

	
	
	BLUE
	9.965E+05
	9.965E+05
	6.550E+03
	Exempt

	
	
	GREEN
	4.259E+01
	4.259E+01
	2.677E+02
	Exempt

	
	
	RED
	3.837E+01
	3.837E+01
	2.260E+02
	Exempt

	
	Condition 2
	White
	1.334E+04
	1.334E+04
	1.881E+06
	Exempt

	
	
	BLUE
	3.475E+03
	3.475E+03
	2.703E+04
	Exempt

	
	
	GREEN
	7.037E+01
	7.037E+01
	5.272E+02
	Exempt

	
	Condition 2
Radiant exposure increase
	White
	180.9%
	180.9%
	12074.8%
	Exempt

	
	
	BLUE
	-99.7%
	-99.7%
	312.7%
	Exempt

	
	
	GREEN
	65.2%
	65.2%
	96.9%
	Exempt

	
	Condition 3
	White
	1.507E+04
	5.065E+03
	1.648E+04
	Exempt

	
	
	BLUE
	1.937E+03
	1.937E+03
	7.058E+03
	Exempt

	
	
	GREEN
	4.393E+01
	4.393E+01
	2.761E+02
	Exempt

	
	
	RED
	3.856E+01
	3.856E+01
	2.271E+02
	Exempt

	
	Condition3

Radiant exposure increase
	White
	217.2%
	6.7%
	6.7%
	/

	
	
	BLUE
	-99.8%
	-99.8%
	7.8%
	/

	
	
	GREEN
	3.1%
	3.1%
	3.1%
	/

	
	
	RED
	0.5%
	0.5%
	0.5%
	/

	
	Condition 4
	White
	1.423E+04
	1.423E+04
	2.055E+04
	Exempt

	
	
	BLUE
	3.747E+03
	3.747E+03
	2.915E+04
	Exempt

	
	
	GREEN
	7.265E+01
	7.265E+01
	5.443E+02
	Exempt

	
	Condition 4
Radiant exposure increase
	White
	199.6%
	199.6%
	33.0%
	/

	
	
	BLUE
	-99.6%
	-99.6%
	345.0%
	/

	
	
	GREEN
	70.6%
	70.6%
	103.3%
	/


4 Conclusions
An improved assessment method of LEDs for children application is used during the measurement. This method is based on the difference between children’s eyes and adults’ eyes, as well as the worst case distance difference because of children’s curiosity and other psychological factors.
Two groups of LEDs were measured to assess the safety for children use, we get some points:

·  The blue-light hazard risk rise obviously when taking the children eye’s specific characters into the measurements  ;
· The worst case distance difference plays a more important role than spectral transmittance in the assessment of LEDs for children use;
· After evaluating the safety of LED based on conventional methods stipulated in IEC 62471 that concluded safe for adults, they may not also be safe for children in practical application;
· In order to protect children’s eyes, it is essential to modify safety evaluation method and model of radiation safety assessment with due considerations of the difference between children and adults’ eyes, and stipulate a stricter AEL value, especially the AEL value at ultraviolet rays and blue light wave bands.
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