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ABSTRACT 
2,650 volunteers have been investigated in blink-reflex studies with various 
test equipment, where a laser beam or a single element LED or an array have 
been used to irradiate the human eye in order to initiate a physiological 
reaction. In addition 1,196 volunteers took part in aversion response studies.  
491 persons out of 2,650, i.e., 18.53 %, showed a blink reflex or lid closure, 
upon exposure to irradiation from a laser or an LED. Only 6.19 %, i. e., 74 out 
of 1,196 volunteers, showed other aversion responses, like gross eye or head 
movements. 

The different parameters which are mainly responsible for the respective 
results concerning the blink reflex will be dealt with and explained, as they 
have been achieved up to now. In addition some experimentally verified 
dependencies on fundamental psychophysical laws will be described. 

Besides the statement that the blink reflex should not be used as a sufficient 
physiological protective means it can be generally stated that in order to 
ensure their safety, in spite of the missing blink-reflex and other aversion 
responses, users of low-power lasers should be instructed to perform active 
protective reactions, e.g., to close the eyes voluntarily and simultaneously 
move the head away from the beam in the case of an unintentional exposure 
or intrabeam viewing. 

Keywords: Aversion response, blink reflex, class-2 laser, eye-tracking, LED radiation, 
optical stimulation, laser safety, psychophysical relationships 
 
INTRODUCTION 
Physiology is one of the basics necessary to understand the visual system and 
various electrophysiological means exists in order to show the normal and 
pathologic status of the visual system, mainly of the front end, i. e. the eyes. 
In addition psychophysics might be regarded as a descriptive discipline to 
improve our understanding of the complex interactions and dependencies on 
various extrinsic parameters. Since most of the current psychophysical laws 
are based on experience it is not possible to describe precisely the 
fundamentals of the visual system. But on the other hand our knowledge might 
be improved, if we are able to fit new relationships into well-known basic laws 
and prove their validity. 
It was one of the goals to review the current safety philosophy of low-power 
lasers, especially the one belonging to class 2 and 2M according to the 
international product standard IEC 60825-1 [1], experimentally. 
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In the international standard aversion responses including the blink reflex 
have been used as a reliable physiological means to protect from visible laser 
radiation since many years. Therefore no further measures are believed to be 
necessary when low power laser irradiation is applied and momentary 
exposure, like in the case of so-called intrabeam viewing, is regarded. 

According to guidelines [2] of the International Commission on Non-Ionizing 
Radiation Protection (ICNIRP), “deliberate staring at a bright source 
effectively never occurs since the aversion responses, 0.25 s, should be used 
for exposure duration of the eye to any continuous wave laser, i. e. as the 
maximum anticipated time of direct viewing”. In addition, it is stated in a 
revision of these guidelines [3] “that for continuous wave (CW) exposures, 
which are taken as greater than 0.25 s, physiological factors such as pupillary 
activity, eye movements, breathing, heart-beat, blood-flow, other bodily 
movements, and visual task behavior became important”. 

Since the protection of workers against physical agents is in the scope of the 
European Framework Directive, the former German Federal Ministry of Labor 
and Social decided to compile a regulation for the protection from industrial 
accidents, arising especially by optical radiation. In this context, we have 
found that the blink reflex did not always occur when persons became 
irradiated by the bright light from a camera flash [4].  

This findings triggered an investigation funded by the German Federal 
Institute of Occupational Safety and Health (FIOSH) aimed at reviewing 
existing data on the blink reflex and to gain more knowledge on its 
dependence on different physical parameters like power, exposure duration, 
wavelength, and on physiological and psychological parameters.  

Due to the fact that the blink reflex has been regarded as a property of the 
human eye to close the lid in response to an intensive bright-light stimulus 
within 0.25 s like in the dictionary of the European Standard EN 165 [5], there 
was a firm belief in its existence with regard to laser sources, mainly due to 
their high brightness. However, this has been shown in comprehensive trials to 
be a mistake [6 - 10] and therefore, investigations have been extended to 
aversion responses in the meanwhile and the respective results reported [11]. 
 
METHODS 
The ICNIRP exposure limit (EL) for a momentary (0.25 s) exposure is 1 mW, 
which is equivalent to a corneal irradiance of 25 W·m-2 in a 7-mm aperture [1, 
20]. Therefore the investigations were concentrated mainly on this low-power 
range in order not to exceed the maximum permissible exposure (MPE). In 
addition, industrial safety and medicine demands not to violate the MPEs in 
trials with volunteers and therefore, the vast majority were irradiated with 
0.8 mW for exposure duration of 0.25 s to meet these demands, taking into 
account the measurement uncertainties (stated as ± 20 %).  
In lab and field trials volunteers became irradiated with a laser beam in order 
to stimulate the blink reflex. For this various specially designed test 
procedures have been developed like a laser scanner, an adjustment or 
targeting system and a special eye-tracker, at which the head of the test 
persons has been fixed or unrestrained. The laser wavelength was chosen to 
be 670 nm, 635 nm, 632.8 nm or 532 nm. 
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In addition to investigations with a collimated laser beam trials have been 
performed with a divergent laser beam and with single chip LEDs and an LED 
cluster/array under various ambient illumination conditions in order to search 
for the respective dependencies. 

The reason to extent the investigations on LEDs was that these devices are 
included in the current scope of the IEC-Standard since 1993, although they 
are clearly not based on the principle of stimulated emission of radiation like 
lasers. In the future LEDs supposed to be treated in a joint Standard of the 
Commission on Illumination (CIE, Commission International de l’Eclairage) and 
of the International Electrotechnical Commission (IEC), as far as the recent 
decision of the responsible Technical Committee TC 76 of the IEC concerns, 
and an updated version of the current CIE-Standard [12] will be developed. 

A modular set-up has been realized for the blink-reflex investigations that 
could be used with different lasers and light-emitting diodes (LEDs). Fig. 1 
shows a schematic drawing of the test set-up and Fig. 2 gives a detailed view 
on the test apparatus. 

The laser beam was reflected from a dichroic mirror and directed by a lens 
with a large focal length onto the pupil of the test subject. In order to achieve 
co-linearity between the optical axis of the eye and the laser beam, the eye 
was illuminated by four infrared-emitting diodes (IREDs) and monitored using a 
CCD infrared camera. As a result, the beam impact on the fovea could be 
achieved after the pupil had been centered on the monitor by means of 
mechanical adjustments. The heads of the volunteers were restrained with a 
forehead and chin 
 

Figure 1: Schematic of the test set-up 
used for the blink-reflex trials.  

Figure 2: Test apparatus and 
equipment (view from the volunteer’s 
position). Instead of a laser module 
(cf. fig. 1) LEDs can be used located 
directly at the exit port. 
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rest. The accommodation of the eyes was achieved at a relatively fixed point 
since the volunteers had been asked to look at two weakly glowing green LEDs. 
 
The optical sources listed in table 1 were used in the various trials: 
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Table 1: Wavelength and optical power of the applied optical sources 

Optical source Wavelength 
nm 

Power 
mW 

Exposure duration 
ms 

SHG Nd:Vanadat laser 532 nm 0.8 250 

GaAsP laser diode 635 nm 2.1; 0.8; 0.55; 0.48 5; 250; 1,000; 
2,000 

He:Ne laser 632.8 nm 0.8 250 

GaAlAs laser diode 670 nm 0.8 250 

Blue LED 468 nm 7.1a (C6
 = 66,7c) 250 

Red LED 615 nm 1.8  (C6 = 13) 250 

White LED “white” 0.59  250 

LED array “white” 1.39; 2.46; 4.87b 125; 250 
a  power measured at a distance of 100 mm in a 7-mm aperture; b  power measured at a 
distance of 300 mm in a 
   7-mm aperture; c C6 is a factor which takes into account the viewing angle at a distance of 
100 mm, i. e. the  
   size of an extended source  

In the case of using the LEDs as optical sources, the respective device was 
mounted directly onto the mechanical cabinet (cf. laser beam aperture/power 
measuring port in Fig. 2) [13]. The extended area of the LEDs may be 
described by their respective correction factor C6. The correct positioning of 
the test person was determined to be the distance between the aperture of 
the respective light beam and the eye, when the diode chip was imaged clearly 
on the retina. 

In addition to this standard set-up, various other arrangements were applied 
in order to investigate dependence on the divergence of the emitted beam. 
Therefore, a lens with a short focal length was positioned close to the cornea 
in order to produce an extended retinal image, or the end-face of a multimode 
optical fibre was placed 10 to 15 mm in front of the cornea. In both cases, the 
distance to the eye was controlled very precisely using two perpendicularly 
oriented video cameras. 

The spot size on the retina was between 6.4 mm2 and 46.8 mm2 in the case of 
a divergent beam emerging from the lens system. In the case of irradiation 
from the distal end of an optical fibre the pupil size was chosen as a 
parameter to determine the amount of radiation together with the angle of 
acceptance of the eye. As is well-known, pupil size is a function of adaptation 
conditions, which depend on the ambient light. In the range from 1 lx to 
1,700 lx, the pupil size was measured to have changed from 8 mm to 2 mm. 

The laser beam or the LED light was deliberately switched on by an operator 
and impacted the test subjects unexpectedly, while the operator and a second 
person observed the reaction of the upper eyelid (palpebra), i. e. the lid 
closure (normal blink or blink reflex) or lid movement (twitching or squinting)) 
and the pupillary response (the constriction of the pupil (pupillary reflex). 
This procedure was shown to be sufficient in order to fulfill the goal of clearly 
detecting a blink reflex, since the exposure duration of 250 ms was long 
enough for visual determination of a blink reflex reaction during this time 
interval. 
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Since there was some oral criticism concerning the investigations on the blink 
reflex due to the fact that the volunteers could not move their head additional 
extensive trials have been done to determine aversion responses in the case of 
an optical irradiation. In order to clear up any further doubt the respective 
tests were carried out with an unrestrained head. The following four test 
systems were used and described in more detail elsewhere [11]:  

- laser scanner system with a laser line (532 nm) moved horizontal or vertical 
across the eyes 
- targeting system with an optical bench where the volunteers looked through 
2 aligned small  
   apertures on a target behind which a laser source (635nm) was hidden 
- eye-tracking system where the laser beam (635nm) was released in the event 
when the test  
   person successfully has solved a special tracking problem on a monitor 
screen 
- LED array consisting of 80 HB-LEDs (high-brightness LEDs) (fig. 3). 

    
Figure 3: LED array consisting of 80 pc HB-LEDS (phosphor converted high-
brightness 
                  LEDs), dimensions: 60 mm x 40 mm. 

In addition to the various test systems in which a laser was used as an optical 
source, an LED array was realized and consisted of 80 high-brightness, 
phosphor converted (pc), white LEDs arranged in a rectangular shape (60 mm x 
40 mm, cf. fig. 3) [13, 14] similar to the flash of a camera. The emitted power 
was measured to be 1.39 mW, 2.46 mW, or 4.87 mW at a distance of 300 mm 
in a 7-mm aperture, where the volunteer’s both eyes were irradiated simul-
taneously. At a distance of 100 mm, the maximum power achieved was 
19.6 mW. The exposure durations were 125 ms and 250 ms, respectively. 

All the investigations concerning aversion response were recorded on video 
with a frame rate of 50 Hz, and the recordings were the object of subsequent 
analysis, i. e., in addition to the simple registration by visual inspection at 
the beginning of the investigations the blink reflex could be determined by 
image analysis too.  

The volunteers taking part in the various test trials gave their written consent 
and took part in an interview before and after the test. In addition, some 
volunteers were not told about the exact procedure of the trials (e. g. in the 
eye-tracking system and in the targeting system), in order to enable 
comparison of their various reactions with those of persons well informed on 
the experimental purposes, i. e., those expecting a laser beam or an LED light. 
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RESULTS 
A total of 2,022 volunteers have been irradiated in 4 different test situations 
with laser radiation. Out of these only 16.7 % have shown a blink reflex. The 
respective numbers as a function of wavelength are: 15.3 % (670 nm), 15.9 % 
(635 nm), and 20.6 % (532 nm). More detailed results concerning the various 
test situations taking into account whether a collimated or divergent beam is 
used, a foveal or parafoveal stimulation took place etc. have been published 
elsewhere [15]. 
Fig. 5 shows examples of video frames taken during the investigations. In fig. 
5 no gross reaction can be seen, and only minor squinting and twitching could 
be detected in a closer image analysis of the whole video sequence, whereas in 
fig. 5 a typical blink reflex is shown. In addition it can be seen that the upper 
eye lid reopens in this case during the exposure 
 

 

Figure 4: Video frames taped during an exposure of 250 ms with the targeting 
system; 
                 frames 3 to 6 show the exposure and no visible reaction can be seen 

duration of 250 ms (this can be clearly seen due to the reflection of the beam 
on the upper eye lid in image no. 5 in fig. 5) and sometimes even a second lid 
closure might be seen, especially at prolonged exposure durations. 

628 volunteers have been tested under LED irradiation conditions described in 
table 1. Out of this 154 showed a blink reflex, i. e. a total of 24.5 %. An 
increase from 4.2 % up to 28.1 % in blink reflex frequency was achieved when 
the ambient illuminance was decreased from 1,700 lx to 1 lx using a single 
LED-element as a so-called extended optical source instead of a collimated 
laser beam. In addition to the investigations with single chip LEDs it has been 
found that an increase of the optical power from 1.4 mW to 4.9 mW resulted 
in a simultaneous increase of the blink reflex frequency from 22.9 % to 51.7 %. 
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Figure 5: Video frames showing a blink reflex during the laser exposure of 
250 ms 
                   (frames 3 to 6), arrows point to the closed upper eyelid in frame 
no. 5 and the 
        reopening in frame no. 6.  

Table 2 gives an overview of the results achieved in  various blink reflex 
studies together with other aversion responses. 

491 persons out of 2,650, i.e., 18.53 %, showed a blink reflex or lid closure, 
upon exposure to irradiation from a laser or an LED. Only 6.19 %, i. e., 74 out 
of 1,196 volunteers, showed other aversion responses, like gross eye or head 
movements. 

Table 2: Blink reflex and other aversion responses achieved in various 
investigations with 
                laser and LED irradiation 

 Blink reflex and lid closure Other aversion responses 

Wavelength 
nm 

Number of 
test persons

n % Number of 
test persons 

n % 

Laser: 670 268 41 15.3    

Laser: 632.8 und 
635 

1,405 224 15.9 754 43 5.7 

Laser: 532 349 72 20.63 75 6 8 

Σ Laser 2,022 337 16.67 829 49 5.91

LED: 615 or 468 236 55 23.3    

LED: white (single 
element or array) 

392 99 25.26 327 25 6.81

Σ LED 628 154 24.52 367 25 6.81

Σ all sources 2,650 491 18.53 1,196 74 6.19

 

A prolonged exposure increased the lid-closure frequency, as has been shown 
in the case of the targeting system (29.22 % at 1,000 ms instead of 14.29 % at 
250 ms), and this is true mainly due to the increasing amount of voluntary lid-
closure situations. In addition to the results shown in tab. 2 it has been found 
in a field trial with 200 persons which all got an instruction before the 
respective test and where asked to perform a reaction in case of 
intrabeam viewing, that active protection reactions, which incorporate 
immediate closure of the eyes and deliberate head movement, are able to 
protect up to 80 % of the exposed 
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volunteers against laser radiation during an investigated period of 1.5 seconds 
[11]. Although a frequency of 80 % is certainly not sufficient for a 
fundamental safety program, it shows, impressively, that instruction might be 
nonetheless preventive in this case. 

In an additional investigation we have found that the frequency of blink reflex 
is a function of power and exposure duration like is shown in tab. 3. 

Table 3: Blink reflex frequency as a function of optical power and exposure 
duration  
                 (targeting system, laser: 635 nm) 

Blink reflex/lid closure Number of 
volunteers 

Power 
mW 

Exposure 
duration 

ms N % 

59 2.1 5 2 3.4 

154 0.8 250 22 14.29 

154 0.55 1,000 45 29.22 

71 0.48 2,000 27 38.0 

This results show that higher laser power at the respective, shorter, MPE-
compatible, exposure durations result in a decrease in the blink-reflex 
reaction. 

DISCUSSION  

The test arrangements described here can be regarded as representative 
situations that might similarly occur either in the workplace or during general 
use of lasers and LEDs. 
The results on the blink reflex, which have been documented in several 
publications [4, 6 – 10], have been extended to include other aversion 
responses, in order to support or refute the criticism that the volunteers who 
took part in the pure blink-reflex studies suppressed their reflex  due to the 
fact that they were expecting optical irradiation from a test apparatus. These 
additional results clearly show that although the blink reflex is a relatively 
seldom physiological reaction when a person becomes irradiated from a class 
2 laser product including LEDs according to IEC 60825-1 it is still the most 
frequent reaction [15].  

The results must be regarded as surprising, since the brightness of lasers used 
is higher than even the sun at high noon. In our working hypothesis, we believe 
that the small size of the irradiated spot on the retina, due to the focusing 
properties of the human eye, is mainly responsible for these findings. Nearly 
all the applied laser beams resulted in glare and typical after images, but only 
relatively few of the volunteers showed a blink reflex. 

There is no convincing explanation for the surprising findings up to now, but 
comparing the two situations, i. e., that of incoherent radiation from a 
camera flash and that of a laser beam, there is a difference in the diameter of 
the pattern formed on the retina. Whereas an incoherent extended source has 
an image of about 1 mm in diameter, a coherent light beam could have an 
image diameter as small as 15 µm to 25 µm. In our experiments, the pattern 
was estimated to be somewhat less than 50 µm. 
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In the fovea, nearly every photoreceptor (mainly cones) is connected via 
bipolar cells to a single nerve fiber, and each illuminated sensor element 
contributes a special amount of current due to hyper-polarization of the 
respective cells if an individual threshold situation is achieved. This current is 
then transferred into an equivalent number of spikes, i. e., an amplitude 
modulation is transformed into a frequency modulation. Therefore, an 
extended source should deliver a total excitation current which is larger than 
that for an equivalent amount of laser irradiation with a relatively small spot 
at the retina. Since the number of stimulated sensor elements depends on the 
area of the image on the retina, i. e., on the diameter squared, the generated 
time-dependent charge, and therefore the current, might be calculated in the 
same manner. Although the threshold current for the blink reflex is not known, 
we believe that a wavelength-dependent threshold exists and could be more 
easily achieved with large, extended sources than with small or point sources. 

Due to the fundamental hypothesis and investigations of WEBER and FECHNER 
we are able to describe human behavior, which depends on the perception of 
various physical quantities. One of the fundamental laws in psychophysics 
states that the relative just noticeable difference is constant, whereas the 
absolute noticeable difference increases with the respective physical 
quantity.  

Since one of the main goals in psychophysics is to find relationships between 
an observable physical quantity and a subjective perception, the results 
obtained in the blink-reflex studies have been investigated on that score. Two 
parameters were of special interest: the wavelength and the optical power.  

The expectation was mainly that relations could be found experimentally, 
which obey either the WEBER-FECHNER law or the STEVENS power law. 

According to the standard photometric visibility function or V(λ)-curve which 
characterizes the “brightness” a green laser beam at 532 nm should be “seen” 
by a factor of 4.08 brighter than a beam of a 635-nm laser and even 27.7times 
as bright as a “dark-red” beam at 670 nm. But this is only true if the 
assumption is valid that the visibility curve is independent of the irradiance, 
i.e., that the luminance might be derived from the irradiance taking into 
account the spectral visibility of the normal eye. Although there certainly 
exists a large dynamic range of the color-sensitive cones in the retina, 
saturation effects certainly exists too, and therefore additional non-
linearities might be expected in the case of high-brightness investigations 
above photopic vision, i. e. in the hyperobic range, concerning the 
physiological behavior. 

As was already reported elsewhere the blink reflex function, which describes 
the frequency of the blink reflex, is wavelength-dependent and might be 
described in terms of the well-known STEVENS power law in psychophysics [7, 
11]. Experimentally the following relationship for the wavelength dependent 
blink reflex frequency function L(λ) was determined 

    )(V)(L
.

λλ
10

5
1 ⋅≈   

This shows that the standard spectral photometric visibility function V(λ) is 
not linearly related to the blink reflex stimulation but in a reduced manner. 
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A comparison of the results achieved with lasers and LEDs shows (cf. tab. 2) 
that only 16.67 % of the volunteers had a blink reflex or exhibited lid closure 
when they became irradiated by a laser beam, whereas 24.52 %, i. e., about 
50 % more, responded to LED irradiation. This is so even though the applied 
LEDs were class-1 products according to IEC 60825-1, or had exposure values 
close to the lower limits of class 2, whereas the laser devices were adjusted to 
be at the upper limit of class 2 (minus 20 % due measurement uncertainties). 

A closer look at the respective results obtained shows  that a simultaneous 
irradiation on both eyes, like in the case of an LED array/cluster, further 
increases the frequency of involuntary lid closure. From a psychophysical 
standpoint a power-dependent relationship for the blink frequency function 
L(P) has been found which can be best represented by the following formula 
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where L0 = 1 and P0 = 1 mW are constants in order to meet the dimensions and 
Pth is the (still unknown) threshold power for the blink reflex in a special test 
arrangement. The value has been estimated experimentally extrapolating the 
results obtained at values of 1.39 mW, 2.46 mW, and 4.87mW for the optical 
power P to be about 1 mW. With an experimentally limited maximum power of 
4.87 mW, the frequency of the blink reflex could be increased to 51.7 % [14]. 
Frequencies of 80 to 90 % have been reported with incoherent light sources in 
the early fifties already [16] and were confirmed by our group [4]. 

The results obtained clearly show that they obey the well-known STEVENS 
power law in psychophysics, in which the physical, observable quantity, i.e., 
the optical power, has to be taken to a power of 0.33 to describe the 
respective perception, i.e., the blink reflex function. 

These experimental results show  that another law of psychophysics is obeyed, 
namely the one given by PLATEAU-TALBOT, which states that the same 
perception is obtained, either with an intensity A during a time period ∆t of 
the stimulating effect or with an intensity A/m during a time period m·∆t. 
Therefore the relative blink-reflex function L/L0 is determined by the incident 
optical energy in the investigated range of power P and time ∆t, and is given 
by the relation  

   tP.
L
L ∆⋅⋅≈ 750
0

  

where P is in mW and ∆t in s. The optical energy in this case was about 
0.3075 mJ and the threshold energy might be derived from both studies to be 
about 0.250 mJ for this special optical source of an LED-array. 

Due to the fact that the frame rate of the video documentation used was 25 Hz  
the resolution was limited to about ± 20 ms and so, very subtle eye movements 
like express saccades, micro saccades [3, 17, 18] and so on, could not be 
detected. It was not the goal to show normal physiological eye movements 
that exist and change during different visual tasks, but to investigate major 
responses like the blink reflex, head movements, and involuntary or voluntary 
head or eye movements, in the cases where the volunteer turned away from 
the beam. It has been shown elsewhere that there are virtually no gross 
movements during, e.g., an exposure lasting 100 ms [19].  
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It was not the purpose of these two reported research projects to show that 
laser class 2 or 2M is no longer safe, but to draw attention to the need for 
somewhat more prudent precaution in dealing with low-power lasers. Although 
there certainly exists a safety margin between the MPE value and the 
exposure threshold (which is often taken to be the ED50 value, i. e. the value 
for which a 50 %-probability exists for ophthalmoscopically visible damage), 
this safety margin might be put at risk due to the fact that mass-produced 
articles are subject to insufficient quality control, if any at all. In addition, 
the use of class-3R lasers, for which the CW-power cap is at 5 mW in the 
visible part of the spectrum, should not be based on physiological reactions 
like the blink reflex alone, since the respective residual risk is controversially 
discussed and longer exposure durations might result in a retinal damage [21]. 

It can generally be stated that in order to ensure their safety, in spite of the 
missing blink-reflex and other aversion responses, users of low-power lasers 
should be instructed to perform active protective reactions, e.g., to close the 
eyes voluntarily and simultaneously move the head away from the beam, in 
the case of an unintentional exposure or intrabeam viewing. 
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