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ABSTRACT
The use of the Auditory Flicker Fusion (AFF) technique 

to measure mental fatigue in industry is a new area of 
investigation. The Visual Flicker Fusion (VFF) technique, 
which is the predecessor to AFF, has received most of the 
attention of the researchers, even though the AFF tech
nique appears to be more sensitive with less complicating 
variables.

This study compared the AFF frequencies of surface 
wiring girls to the expected change in mental fatigue during 
the working _aay. This study used an F-test to determine if 
any significant relationships existed between the AFF 
frequencies and the time-of-day or the day-of-the-week.

This investigation failed to show any significant 
relationship between the AFF and the time-of-day or the 
day-of-the-week. But it is important to note that several 
expected relationships were observed during this investiga
tion which cause this conclusion to be highly questionable.
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THE MEASUREMENT OF MENTAL FATIGUE
IN INDUSTRY USING THE 

AUDITORY FLICKER FUSION TECHNIQUE

CHAPTER I 

INTRODUCTION

A major initial impetus leading to this investigation 
was a desire to find a technique which could quantitatively

Imeasure an employee's level of mental fatigue (as opposed 
to physical fatigue). This was important because of the large 
number of employee complaints to the medical organization in 
our company concerning a high level of the mental stress 
associated with the surface wiring operation. The surface 
wiring operation employs over 250 surface wiring operators 
(all are female).

A search of the literature revealed very few useful 
methods for quantifying mental fatigue. One that did appear 
to be promising was the idea of measuring mental fatigue by 
a technique called the Visual Flicker Fusion (VFF) frequency, 
which will be discussed in more detail later. The flicker 
fusion frequency (also known as critical flicker fusion) is
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the rate at which successive stimuli cease to appear to 
flicker and become steady or continuous.

Closely related to this is the Auditory Flicker Fusion 
(AFF) frequency. This technique has not, as well as I have 
been able to discover, been applied to any industrial situ
ation and, in fact, much controversy still continues over 
the question of whether AFF or VFF measures fatigue, mental 
or physical.

The objective of this investigation was to measure the 
AFF frequencies of five manufacturing employees. The AFF 
frequencies were measured four times each day, for five 
days, with each subject. These measurements were then 
compared against an "expected" level of mental fatigue. The 
expected level of mental fatigue was assumed to increase 
during the morning, decrease during lunch, and then increase 
during the afternoon. The AFF data were compared to these 
"expected levels" of mental fatigue to determine if any 
correlation could be found between the two. If any relation
ship could be found between the AFF frequencies and the level 
of mental stress, it would then become possible to identify 
the specific segments of the surface wiring operation which 
are contributing to the increasing level of mental stress 
among the employees.

The long-term objective of this research was to reduce 
the level of employee turnover in the surface wiring opera
tion and to improve the overall efficiency of the workers.



CHAPTER II

STATEMENT OF THE PROBLEM

The major problem associated with this study was one 
of determining if the AFF technique could be used to measure 
mental fatigue in an industrial environment.

The analysis of this problem was developed into two 
sub-parts: (1) the collected AFF readings were used to
analyze the variation between the means of the levels of 
the dependent variables, and (2) the variation in the means 
of the AFF readings during the 8-hour working shift was compared 
with the "expected changes" in the' level of mental fatigue 
during this same working period.

The null hypotheses tested in each of the above sub
parts were as follows:

1) The time of day has no effect on the AFF readings.

Ho: yTx = yT2 = UT3 = UT4
Hj_: Any violation of the above equalities

2) The day of the week has no effect on the AFF 
readings.

Ho : yD! = yD2 = yD3 = yD4 = ^D5
Hj_ : Any violation of the above equalities

3
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Variation among subjects and its interaction with other 
variables are used as estimates of error (uncontrolled) 
variance to test the significance of the experimental 
variables.

Each of the above dependent variables was tested 
separately using the ANOVA statistical analysis technique. 
The statistical data and the results have been described in 
the "Results" chapter. The assumptions necessary for this 
testing have been stated in the "Experimental Design" 
section of the "Methodology" chapter.



CHAPTER III

SURVEY OF THE LITERATURE

Historically the VFF usually has been assumed to be a 
function of the retina. It was not until relatively recently 
(Simonson and Enzer, 1941) that the VFF was suggested as a 
cortical function and as a possible measure of the fatigue 
of the central nervous system, or mental fatigue (Brozek 
and Keys, 194 4) . The VFF phenomenon has been investigated 
in relation to a number of physiological activities; these 
studies have importance because it is difficult to determine 
from their results whether fatigue is entirely mental or has 
some physical factors.

Extensive summaries of the work on VFF have been compiled 
(Simonson, 1948; Grandjean and Perret, 1961). The various 
investigators have used different methods of measuring VFF, 
and the various studies are thus often not directly com
parable. Most studies show results in terms of flashes or 
cycles per second, but few attempt to control the same 
variables.

An early study of the VFF frequency changes (Simonson 
and Enzer, 1941) resulted in a highly significant drop of

5
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5.0 flashes/sec. in 17 subjects during eight hours of 
sedentary work (laboratory and clerical work). A follow
up to this study failed to find the usual decrease in the 
VFF frequency during the working day when amphetamine and 
pervitin were taken late in the morning (Simonson, et al., 
1941) . The effect of amphetamine and pervitin, calculated 
as the difference between the days with and without the 
drugs, was statistically highly significant, and paralleled 
the removal of subjective fatigue. A similar stimulating 
effect was later observed for caffeine (Schmidtke, 1951; 
Wachholder and Schneider, 1956) and after smoking a cigarette 
(Larson, et al., 1950).

In contrast, alcohol was found to depress the VFF fre
quency, parallel to the concentration in the blood (Schmidtke, 
1951), but without correlation to subjective effects. It 
was concluded that the VFF frequency is an objective test 
for the state of the excitability of the central nervous 
system rather than reflecting the subjective sensation of 
fatigue. This same study (Schmidtke, 1951) found a depression 
of the VFF frequency starting 20 to 30 minutes after an 
intake of 50 to 150 mg of Phanodorm, parallel to the dose 
but not to the subjective sensation of tiredness. These 
results supported the conception that the VFF frequency was 
related to excitability.

A study of laboratory and clerical workers found no 
significant difference in the drop of the VFF frequencies 
between occupations with high (microscopy) and low visual
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effort (Simonson and Brozek, 1948). From this result it 
was assumed by the experimenter that the decrease in the 
VFF frequency was related to the state of the central 
nervous system rather than to the receptors in the retina.

The small, if not negligible role of the visual compo
nent was shown by the finding .that severe visual discomfort 
produced by glare did not affect the VFF frequency in three 
and one-half hours of reading. The assumption that the drop 
in the VFF frequencies during sedentary work is related 
essentially to the state of the central nervous system 
appears to be well supported.

This absence of a significant drop in the VFF frequencies 
during reading is not surprising, because the mental and 
visual component in ordinary reading is not large enough to 
produce fatigue (Ryan, et al., 1953).

Another study (Graybiel, et al., 1943) did not find any 
consistent change in the VFF frequencies of pilot instructors 
during the working day. A later study (Steinhaus and Kelso, 
1943) reported a significant decrease in the mean VFF fre
quencies of 47 men from morning to noon. In contrast, only 
a very slight decrement of the mean VFF frequencies was 
observed in larger groups of clerical and laboratory workers 
after eight hours of work which reached the level of statisti
cal significance in only one out of four comparisons 
(Brozek, et al., 1953).

The experience of various authors is not uniform, but 
the majority found a significant VFF drop during prolonged
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sedentary work. The variety of testing conditions may have 
contributed to this discrepancy of results (Simonson, 1959) ; 
even the method of producing the flash appears to influence 
the VFF frequency results (Fritze and Simonson, 1951).

The effects of different variables on VFF have been 
widely investigated. Conclusions about VFF have centered 
on the phenomenon mostly in terms of psychophysical sensation, 
however, with few firm conclusions relevant to VFF as a 
measure of fatigue. For example, effects of the following 
variables have been noted (Murrell, 1969):

(1) VFF increases linearly with the logarithm of illu
mination intensity over a wide range of intensities 
of the light stimulus. The range of this relation
ship appears to depend on the area of the test 
patch.

(2) When the brightness of the test patch and of the 
surrounding area are the same VFF is at its highest 
and falls off as the brightness of one exceeds the 
other.

(3) At very small visual angles, the VFF increases 
linearly with the logarithm of the area of the 
test patch.

(4) Colors of equal brightness appear to have no 
effect on VFF.

(5) An increase in light/dark ratio appears to cause 
a decrease in VFF.

(6) VFF decreases during dark adaptation.
VFF is influenced by the size of the background.(7)
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(8) There is wide individual variability in VFF but 
individuals are fairly consistent within themselves.

(9) Effects of practice are almost negligible.
The auditory phenomenon analogous to VFF is Auditory 

Flicker Fusion (AFF). AFF has received very little attention 
from researchers. It is measured by changing the rate of 
interruption of white noise until the subjects report the 
disappearance of flutter. An early study (Miller and Taylor, 
1948) suggested that AFF might be as sensitive as VFF to any 
of the changes which the VFF is purported to measure. The 
AFF technique appears to be simpler with fewer of the "problem" 
variables. One investigation (Bujas, et al. , 1952) showed 
no change in the AFF or VFF following a step test to exhaustion, 
the adding of pairs of digits for 90 minutes, or a loss of 
sleep for 24 hours. But, investigations by Davis (1955) 
showed a decrease of AFF by 10% following a mental task, 
while the VFF decreased only 2.2% after the same mental task.
His subjects had carried out mental multiplication for periods 
of 2 hours and 1 hour, the latter period having two levels of 
work load. He measured both visual and auditory flicker 
fusion frequencies before and after the tasks were performed.
He found a decrease in the AFF frequencies of 10% after the 
2-hour task and 4.5% and 2.4% after the 1-hour tasks, all 
the differences being significant at p = 0.01. With VFF, 
on the other hand, Davis found a decrease of only 2.2% after 
2 hours (p = 0.05) and 1.7% and 0.3% after one hour, differ
ences which were not significant. These results suggest 
that AFF might be a more sensitive measure of the mental
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effect of work than is VFF, but so far as can be traced, no 
attempt has been made to use AFF as a measure of mental 
fatigue in an industrial task.

It was because of the apparent problem variables in the 
VFF (which the AFF does not seem to have) and the greater 
sensitivity of the AFF that the latter was selected as the 
technique to be studied in this investigation. The purpose 
of this study was to determine whether the AFF could be used 
to detect changes presumed to be occurring due to mental 
fatigue in an industrial setting.

I



CHAPTER IV

METHODOLOGY

The goal of this entire study was to determine if the 
AFF frequency readings of five female employees working in 
a manufacturing environment were being affected by changes 
in the level of mental fatigue. Data were collected four 
times each day for five working days. These readings were 
compared using statistical analysis to determine if any 
significant variation could be discovered which might be 
accounted for by the presumed changes in mental fatigue. 
Experimental Procedure

The procedures used with each of the five subjects 
were identical. The purpose was explained to each subject 
individually and the methods to be used were demonstrated. 
Each subject was allowed to listen to an example of the 
flutter and of the hum. The flutter was then increased 
until the subject could no longer detect the "break" related 
to the flutter and the flutter became a continuous hum.
This same procedure was repeated again, only the starting 
point was a high hum and the frequency was decreased until

11
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the flutter could be detected by the subject. The first 
day of the experiment was used as a trial run to familiarize 
the subjects with the task and remove excessive variance 
which might result from a learning process.

The AFF task was repeated four times each day at 7:00 
a.m. (starting time), 11:00 a.m. (just before lunch), 11:30 
a.m. (just after lunch), and 3:00 p.m. (at quitting time) 
for a total of six days. (The first day was used as a 
learning experience only). At the end of each day the 
number of units produced by each subject was recorded.
Figure I shows the experimenter with a subject as the AFF 
frequency point was being determined.
Measurement Techniques

The AFF measurement points were read directly off the 
dial of the sinewave generator. Each of the AFF datum points 
was the result of increasing the flutter frequency until 
the subject said it had just changed to a hum, and then 
decreasing from a high hum frequency until the subject said 
the hum had changed to a flutter; these two frequencies 
were averaged to get the AFF datum point.
Task

The subjects' task was to identify the auditory flicker 
fusion frequency point, the point where a fluttering sound 
becomes a continuous hum. The task was repeated again while 
going from the continuous hum down to the flutter. These 
values were averaged to obtain a best estimate of the AFF 
frequency despite subject tendencies for habituation and
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anticipation which have been found in historical investi
gations (Ryan, 1951).
Subjects

Five subjects were used. All were "surface wiring" 
girls whose task is to spin-wrap a wire end onto a terminal. 
This area was chosen because of the repetitive type work, 
and because of employee complaints to the company medical 
organization concerning mental stress. A typical wiring 
position is shown in Figure II.

There are over 200 of these positions in this area of 
the shop. Figure III shows the typical arrangement of work 
positions and the general working environment of the area.
The five subjects volunteered to participate in the experi
ment without monetary reward.
Apparatus

The equipment used consisted of a random-white-noise 
generator (General Radio, Type 1390-B), a pulse gate 
(constructed by the UN-L EE Technical Lab), a sine-wave 
generator (Exact Model 127 Digital-Dial/Sweep Generator), 
a small pre-amp (Olson tube type stereo pre-amp), a frequency 
counter (Hewlett-Packard 5326-A Time-Counter), and a set of 
headphones (Craig 9417, 4-16 ohms). This equipment is shown 
in Figure IV.

This equipment was wired together as shown in the cir
cuit diagram in Figure V. The white noise generator produced 
a continuous random white noise which was fed into the pulse 
gate. The purpose of the pulse gate was to allow the noise 
signal to pass through to the pre-amp at the desired rate







Equipment Used to Generate the AFF Frequency: 
(left to right) a white noise generator, a 
square sine-wave generator, a pulse gate, 

a frequency counter, and a pre-amp.

Figure IV



Pre-Amp
(Olson Tube Stereo Type)

Sine-Wave Generator
(Exact Model 127 Digital-Dial/Sweep Generator)

WIRING DIAGRAM FOR AFF EQUIPMENT

Figure V



19

or frequency of flutter. This frequency was controlled by 
the sine-wave generator which was wired into the pulse gate. 
As the frequency dial on the sine-wave generator was varied, 
the pulse gate varied the frequency of flutter being allowed 
out to the pre-amp in a one-to-one ratio. This design gave 
direct control of the output frequency (or the cycles per 
second) of the flutter. The pre-amp simply amplified the 
noise signal to a level that could be detected in the 
headphones. The frequency counter was used only as a check 
to verify that the frequency indicated on the1 dial of the 
sine-wave generator was correct. This equipment was small 
enough that it could all be placed on a small "tea cart" and 
rolled around from one subject's work position to another. 
Figure VI shows thi^ equipment as it was used at the wiring 
positions.
Factors

The two sub-parts mentioned in Chapter II (time-of-day 
data and day-of-week data) were classified as independent 
variables, while the AFF frequency reading was classified as 
a dependent variable. The variation within the group of 
subjects, and the interactions between subjects and other 
undefined variables were used as estimates of the error 
variance. Factors such as noise, light, temperature, and 
others which make up the working environment were assumed 
to be constant or to vary randomly.
Experimental Design

This experiment was designed to study the effect of
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several factors on the AFF frequency readings collected 
during the five-day study. The design produced quantitative 
data on the variations that might exist between the means of 
the dependent variables studied. These variables (time- 
of-day data and day-of-week data) were analyzed using an F- 
test, summarized in an ANOVA table (Hicks, 1973). This 
procedure allowed for a comparison of the four time-of-day 
means and the five day-of-week means.

In Chapter II, "Statement of the Problent," the alter
native hypothesis (Ĥ ) for each independent variable has 
been stated as a two-tail test. The population from which 
the sample for each of these variables was drawn was assumed 
to be normally distributed.

The data collected concerning each independent variable 
were tested to determine.if any one of these variables had a 
significant effect on the AFF readings, and if any inter
action existed between these variables. The F-test was used 
to determine if any of the independent variables had a 
statistically significant effect.

An analysis level containing a 5% risk of a Type-I 
error was selected. The results of these statistical 
calculations have been included in the next chapter.



CHAPTER V

RESULTS

The results derived from the use of an ANOVA (see Table 
I) failed to reach a level of statistical significance. 
Therefore, there is no statistical reason to believe that 
there is any difference between the means.

Each variable (time-of-the-day, and day-of-the-week) 
failed to show any significant influence on the AFF readings 
collected. The analysis in each case is outlined and 
discussed below. A complete listing of all collected data 
can be found in the appendix.
Time-of-the-Day

AFF readings were collected four times each day of the 
five-day study. These collection times were 7 a.m., 11 
a.m. , 11:30 a.m. and 3 p.m. The mean AFF readings of the 
collection times were tested to determine if there was a 
significant relationship between the AFF readings and the 
time-of-day data. The means being tested were:

22



Collection Time AFF Mean (EPS)
7 a.m. (starting time) 105.04

11 a.m. 98.16
(lunch break)
11:30 a.m. 106.44
3:00 p.m. (quitting time) 97.12

The F-test was used to determine if any significant 
relationship existed. Table I shows the ANOVA table for the 
AFF and times-of-day variances.

This analysis resulted in a calculated F-value for the 
variance due to the time-of-day of 0.8, which was compared 
to a "tabled-F" of 3.49 (at the 5% level, when df-j_ = 3, 
df2 = 12). There appears to be no significant relationship
between the time-of-day and the AFF readings.
Day-of-the-Week

AFF readings for the above-mentioned "times-of-the-day" 
were repeated over five days. The first two days of data 
collection were Thursday and Friday. Saturday and Sunday 
were omitted. The last three days were Monday, Tuesday, and 
Wednesday. The mean AFF reading of each day was tested to 
determine if a significant relationship existed between the 
AFF readings and the day-of-the-week data. The means being
tested were:
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TABLE 1

Analysis of the AFF Data Using 
The F-Test with an ANOVA Table

Source df SS MS F Table-:
Day 4 6,455.10 1,613.78 1.739 3.01

S X Day 16 14,849.29 928.08
Time 3 11,678.20 559.40 0.890 3.49

S X Time 12 7,538.39 628.20
Day X Time 12 7,432.50 619.38 1.659 . 2.00

S X D X T 43 17,919.91 373.33
Subjects 4 87,476.00

Total 99 143,349.39
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Davs of the Week AFF Means (EPSP)
Thursdav 92.32
Friday 84.76
Monday 75.56
Tuesday 75.6

* Wednesday 78.52

Table I shows the ANOVA table for the AFF and the days- 
of-the-week variance. This analysis resulted in a calculated 
F-value for the variance due to the days of-the-week of 1.7, 
which was compared to a "tabled-F" of 3.01 (at the 5% 
level, when df 1 = 4. df 2= 16). There appears to be no 
significant relationship between the days-of-the-week and 
the AFF readings. t 

Hours-of-Sleep the Night Before
Data were also collected concerning the hours of sleep 

each subject received the night before the daily data were 
collected. These daily averages of hours of sleep ranged 
from 6.7 hours to 7.8 hours, and are outlined below:

Day of the Week Mean Hours of Sleep 
The Might Before

Thursday 6.7
Friday 7.8
Monday 7.6
Tuesday 7.1
Wednesday 6.9

With only a total variance between means of 0.8 hours 
across the five-day study, it was felt that little could be
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gained by additional statistical analysis of the sleep data. 
It is stated here as a possible interest to future research. 
The complete listing of sleep data by subject is located in 
the appendix.
Production Data

The number of units produced by each subject during
five days of this study were also recorded . These data ,
outlined below:

Daily Units of Production
Subject No. Th. Fri. Mon. Tues. • Wed.

1 3 4 2 2 4
2 2 2 4 5 4
3 3 3 2 2 4
4 3 4 2 2 2
5 3 4 3 3 4

These data were of little value because of the varying 
degrees of difficulty associated with each unit. The surface 
wiring girls would not know ahead of time what type of unit 
they would get. Some girls had mastered certain units, but 
each day every wiring girl received a mixture of unit types 
to wire. The purpose of the mixture was mainly to spread 
the "easy" units more evenly among the workers.

With no control by the experimenter over the units 
being worked on and with so small a daily variation in 
units produced each day by each surface wiring girl, no 
further statistical analysis was performed on these data.
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CHAPTER VI

CONCLUSIONS

The conclusion of this investigation must be that, 
at the 5% level of significance, using the methodology 
discussed previously, the AFF cannot be used as a measure 
of mental fatigue among surface wiring girls.

It is important to state at the outset that this 
result is highly suspect. The researcher found unexpected 
variances which could be controlled in a follow-up investi
gation. These will be discussed later in the section on 
"Recommendations for Future Investigations".

This investigation assumed an increasing level of mental 
fatigue as the day began, and a short recovery during lunch, 
with a further increase in mental fatigue as the working 
day neared its end. It was further assumed that as the 
level of mental fatigue increased, the AFF readings would 
decrease.

The graph of the AFF data, which is shown on the 
following page, shows a very small mean "mental fatigue 
recovery" during lunch. This recovery was preceeded by a
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decline in the morning and another decline after lunch. But 
this graph is of little statistical value because the error 
variance is greater than the AFF variance.

A graph of the AFF reading during the days of the week 
and the hours of sleep is also shown. This graph shows 
"mental fatigue" (or the inverse of the AFF) decreasing as 
the week progresses and as the subjects get less sleep.
This does not agree with logic or our assumptions of this 
investigation. It is felt that during the last days of this 
experiment, Monday, Tuesday and Wednesday, some of the 
subjects had become bored with testing and only wanted to 
"get it over with."

In most past AFF research, as was discussed in the 
survey of the literature, the experimenter compared the AFF 
readings before some activity to the AFF readings after some 
activity. All but one researcher found AFF and VFF to be a 
measure of both mental and physical fatigue.
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CHAPTER VII

RECOMMENDATION FOR FUTURE INVESTIGATIONS

More research should be done on AEF as a measure of 
mental fatigue. The major problem, as was described by- 
Murrell (1969) was uncontrolled variable interference. In 
any future investigation the subject should be blindfolded 
to increase the mental concentration or the AFF sound 
frequency. Also, the subjects should perform their own 
frequency adjustments to determine the AFF reading. If the 
experimenter does the adjusting of the frequency output, the 
subject tends to report too quickly the AFF point; the 
report became more of a function of time than of change in 
frequency.

Toward the second half of any future investigations, 
some type of motivation should be offered to prevent the 
subjects from becoming bored or uninterested. One subject 
in this study appeared only to go through the motions of the 
determinations of the AFF points on the last day of the 
investigation.
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AFF SUBJECT DATA

Subject No. 1

Vicky

Day-of
The-Week

Hours of 
Sleep

Units
Produced 7 am"

Time-of-the-Day 
11 am 11:30 am 3 pm

Thurs. 8 3 84 87 115 80
Fri. 7 4 80 67 78 65
Mon. 9 2 65 98 65 60
Tues. 7 1/2 2 63 54 58 60-
Wed. 8 1/2 4 60 65 55 45
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AFF SUBJECT DATA

Subject No. 2

Mary

Day-of
The-Week

Hours of 
Sleep

Units
Produced 7 am Time-of-the-Day 

11 am 11:30 am 3 pm
Thurs. 5 2 79 98 102 90
Fri. 8 2 122 115 123 120
Mon. f8 4 95 112 120 105
Tues. 7 1/2 5 103 94 104 136
Wed. 5 4 100 133 110 100
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AFF SUBJECT DATA

Subject No. 3

Midge

Day-of
The-Week

Hours of 
Sleep

Units
Produced 7 am Time-of-the-Day 

11 am 11:30 am 3 pm
Thurs. 7 3 321 137 205 170
Fri. 6 1/2 3 183 147 163 120
Mon. 7 2 140 137 150 140
Tues. 7 2 152 136 122 143
Wed. 7 4 125 120 155 130
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AFF SUBJECT DATA

Subject No. 4

Cathy

Day-of Hours of Units Time-of-the-Day
The-Week Sleep Produced 7 am 11 am 11:30 am 3 pm
Thurs. 6 1/2 3 103 92 113 76
Fri. 6 1/2 ( 4 90 123 100 90
Mon. 7 2 75 94 80 90
Tues. 6 1/2 2 106 77 100 92
Wed. 7 2 110 90 105 100
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AFF SUBJECT DATA

Subject No. 5

Edna

Day-of
The-Week

Hours of 
Sleep

Units
Produced 7 am

Time-of-the-Day 
11 am 11:30 am 3 pm

Thurs. 7 3 98 91 102 65
Fri. 11 4 94 74 75 90
Mon. 7 3 55 63 75 70
Tues. 7 3 63 65 71 91
Wed. 7 4 60 80 115 110
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