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CHAPTER 1
INTRODUCTION

Endurance is defined as the ability to persist in am activity
or task. The time duration one can persist or sustain on the task
before fatigue nmiakes him stop from continuing further is referred to
as the endurance time limit. Fatigue and endurance are closely re-
Tated terms. Low endurance shows up as early fatiaue and longer
endurance is obtained by reducing fatiquing conditions. Hence any
attempt to study “endurance” should study "fatique" cs well,

The word fatigue has more than one mearing, depend®ng on the
situation as well as the point of view and the ba~kground of the person
concerned. The word does not have precise scientific meanina and it
has been used in the scientific literature to denote a wide variety of
conditions. Those who have studied fatigue find it hard to completely
agree on a definition. But there are certain points concerning fatique
on which everyone concurs. As fatigue develops performance declines.
Along with the decline of performance there is an increased effort on
the part of the individual. Also, by reducing, if not completely e-
liminating the conditions leading to fatigue, it 1s possible to post-
pone the inevitable and thereby increase the endurance.

Sir Frederick Bartlett (1952) proposed the foilowihg definition
of fatigue:

LM W
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“Fatigue is 3 term used to cover all those determinable
changes in the expression of an activity which can be
traced to the continuing exercise of that activity under
its norm&l conditions, and which can be showr to lead,
either immediately or after delay, to deterioration in
the expression of that activity, or more simply, to
results within the activity that are not wantad."

This definition of fatigue itself goes to show the complexity of the

phenomenon iavolved.

The subjective feelings of unduec fatigue are undesirable to the
fatigued individual. The person /eels hampered and his acti&ities
are reduced until he is forced to give up entirel. ‘{fe may complain
of pains and aches or more often of a general feeling of malaise and
tiredness. He has no desire for any kind of work and is an immediate
candidate for vrest.

“We have learned through experience that the sensations of
fatigue have a protective function similar to those of hunger and
thirst. The sensations of fatigue force us to avoid further stress

and allow recovery to take place." Grandjean (1969).

Forms of Fatique

In general fatigue may efther be localized in one or more muscles
or may be general in nature characterized by a sensation of reduction
in readiness to use energy. Grandjean (1969) suggested the following

classifications of fatigue.

1. Muscular fatigue caused by overstressing the muscles.

2. Fatigue caused through stress on the visual apparatus.
3. Fatigue caused by physical stress on the whole organism,

4. Fatigue caused through mental work.
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5. Fatigue due to stress on the psychomotor function.
6. Fatigue caused by monotonous or dull environment.
7. Chronic fatigue caused by a ~umber of persistent fatiquing
factors.
Fatigue in its many forms can rrsult from a variety of causes
as mentioned above, either singly or in combination. This fact makes

the study and control of fatigue all the more complex and difficult

Objective of the Present Research

-

The objective of this research is to develop a satisfactory
means of predicting the endurance time limit for alternating work lcad
situations. It is possible to develop a mathematical model relating
the energy requirements of the task to the endurance time limit, if
the individual's capacity limitations are known. This would be similar
to those developed by Bink (19€2) and Chaffin (1966) - for constant
work load situations. However, the task enerqy requirements are not
so easily computed, especially for the alternating work load situations,
Hence a procedure for computing the eauivalent energy expenditure rate
becomes necessary. Another model can be developed to compute this,
taking into consideration the build up or gradual increase in energy
output rate. Such models could be appiied in a number of different
fields, such as industry, sports, recreation, military and even in
domestic activities to predict endurance time limit.

It would be highly desirable if it is possible to predict the
endurance time limit with reasonable accuracy and reliability, given

the condition of the individual such as aerobic capacity, age, weight,

otk e
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etc. and the profile of the alternating work such as the intensity

and duraticn at each level.

Review of Previous Research

A vast amount of scientific 1iterature has been generatad in the

field of fatigue in general during the past few decades alone. Inter-

est in this area was shown first probably during the turn of the cen-

tury. F. W. Taylor and F. B. Gilbreth are noteworthy pioneers in

this respect. Since their days, the problem has been studied by re-
searchers from different disciplines and a number of theories have been
put forth. It will be an almost impossible task to survey the entire
literature presently available, considering the quantity involved.
Hence only material directly relevant to this research are mentioned

in the following pages.

In summarizing the various theories put forward by researchers
to date, Simonson (1971) suggests the following as the five fundamental
processes involved in fatigue due to physical work.

1. Accumulation of fatigue producing substances mostly as waste
products of metabolism such as lactic acid, carbon dioxide,
etc.

Depletion of energy yielding resources necessary for work,
Changes in the physiochemical states of muscle fibers and
substrate.

Disturbance of regulation and coordination.

Transmission fatigue involving impulse transmission from

nerve to muscle.
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The involvement of any one of these fundamental processes depends
on the type of vork and fatigue. There can also be interaction among
these processes in any given case, making it difficult to pinpoint any
one of the processes as the primary cause.

Whatever might be the fundamental process invelved in fatiaue,
it is reasonable to expect a relationship between the rate of enerqy

expenditure in physical work and the endurance. Muller (1953) made

| an attempt to predict the endurance time 1imit for any kind of physical
task based on the energy requirements of the task. He believed that
the energy for muscular work comes from either the stored reserve
source or by direct oxidation in the tissues. The latter is limited
by the capacity of lungs, heart and blood vessels to deliver oxygen to
the working muscles. According to him, a no*mal adult can expend an
energy rate of 4 kcal/min without going in for the reserve energy.
The reserve for such a person would be a total of 24 k.al, which he
could draw at any rate as required. In effect Muller calls the 4

kcal/min as the endurance limit and states that any work demanding more

than this rate would draw upon the reserve. Once the reserve of 24

kcal is exhausted, the person has to stop working so that recovery may
take place and the reserve energy may build up again,

On the basis of his experience of over forty years, both in
industry and in research, Lehmann (1962) proposed maximum limits for
performance from one minute to ong year. These limits are presented
in Table 1. The values are given in terms of work calories, {.e.,
aver and above the resting values, based on 28C work days per year,

26 work days per month, and 8 hours per day. The underlined values




TABLE 1

MAXIMUM PERFORMANCE LIMITS IN TERMS OF EXCESS
CALORIES (OVER RESTING RATE)

Year Month Week Day Hour 10 Hin 1 Min
61600 57200 13200 2200 215 46 4.6
62920 14500 2420 305 51 5.1

15080 2640 330 55 5.5

3080 385 64 6.4

823 87 8.7

129 12.9

2.0

Note: “3) ?Eggs;ﬁd“ﬁom E. Simonson [$E18)
rie = 1000 calories = 1 Kilocalorie
represent the limits for the various time periods. The valugs along
the rows show the equivalent values for the shorter wortr periods; for
instance, 616.000 kcal/year corresponds to 2,200 kcal/day 6r'2?‘5’ kealt
hours. The values refer to an average worker thirty to forty yéexi*é. of
age and of medium body build, - - |
Felder (1959) proposed certain estimates for the age corrected
maximum allowable loads for prolonged work with the arm ergometer fmd .
bicycle ergometer. Table 2 shows his values qf maximum allowable Yoads. |
He assumed a mechanical efficlency of 18 per cent for the arm erqometa-r; |
and 24 per cent for bicycle ergometer, | R
In order to estimate the allowable enerqy expenditure for
prolonged work up to 1800 minutes, Bink {1362) propased the equation, .




TABLE 2

MAXIMUM ALLOWABLE LOAD (40 PER CENT OF MAXIMUM VOZ) FOR PROLONGED
WORK WITH ARM AND BICYCLE ERGOMETER FROM AGE 20-70

Relative Allowable Ergometer Load

: Age Mamum keal/min mka/sec
SR « Arm Bicycle
o] 20 100 4.06 13.00 17.34
. 30 87 3.53 1.3 15.08
5 40 77 3.13 10.03 13.37
* ol 80 72 2.92 9.35 12.47
60 66 2.68 8.58 11.44
‘?@ 57 2.3 7.40 9.87
) I
: Note: Adopted from E. Simonson (1971)
At = 109 5700." ]09 t x A'
‘where A, gives the energy expenditure in kcal/min for t minutes and
A represents the maximum aerobic capacity of the individual expressed
i E * as kcal/minute. - |
’ . " Based on the above work by Bink, Chaffin (1966) later constructed
i : o iﬂ,mthematical model to nredict the working time, given the energy re-
".3 ;'. ’ quim:ents'of the task. According to him, the average p_hysical " '
® ‘working capacity, ' |
A : Apuc = 109 4400 - log t
b . .

e B




where t is the working time. By equating the APUC to the energy
requirements of the task, it is possible to predict the allowable time
on the tack. This model is based on » normgl subject of 35 years of
age with a maximum working capacity ot at least 16 kcal/minute.

The models of Bink and Chaffin nrovided for corrections for
differences in age and physical working capacity in terms of maximum
aerobic capacity. However, they failed to take into consideration
the weight differences of the individuals.

Christensen (1962) believes that in order that a task may be
maintained throughout the 8 hour work day by an average worker, the
average energy requirements of the task should be within 250 kcal/hours
above the resting values.

The various studies mentioned ahbove concern working at a constant
rate of energy output. It is rare thot a man works at any constant
rate. Most often it is found that the intensity of the work fluctuates
if the worker is allowed a free hand. During the less intense period
the worker enjoys a relative rest which enables him to persist longer
in the activiiy than if he were to continue at a constant rate.
Aétéand and Rodhal (1970) suggested that the accumulation of excessive
metabolites is less in intermittent exercise comparcd to work at a
cohstant rate. This could again be beneficial in increasing the
endurance time. |

Nuller and Karasch (1955) used three different combinations of
work - rest intervals to study their effect on endurance time. With
5 minutes wor: and 7.5 minutes rest, there was rapid onset of fatique

in lass than 20 minutes. With 2 minutes work and 3 minutes rest the

© e
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same work rate could be maintained for nearly an hour before the onset
of fatigue. With 0.5 minutes work and 0.75 minutes rest, the sub-
jects did not feel any hardship at all even after an hour.

Similar findings are also reported hy I. Astrand, et. al. (1960},
Christensen, Hedman, and Saltin (1960) and Simonson and Enzer (1941).

Another fact that has not been accounted for in the available
models 1s the gradual increase in eneray expenditure for prolonged work
even though the external work output is the same. This is usually ob-
servable as an increase in the oxygen uptake over time by an individual
engaged in physical work while accomplishina the same work output.

I. Astrand (1960) observed a aradual increase in oxygen untake
in an experiment that lasted for 3 hours. The subjects were performina
continuously for 50 minutes followed bty a 10 minute rest period. There
was also a lunce break of one hour in hetween the seven 50 minute runs.
During each succeeding run the oxygen uptake increased even thouah the
work rate was constant.

Ekelund and Holmgren (1964) report that the oxyaen uptake at the
50th minute of the work was about 8 per :nt hiaher than at the 10th
minute. The experiment involved six subjects on non steady state
exercise.

Saltin and Stenberg (1964) studied four youna men working at 70
per cent of their maximum aerobic capacity for a total of 180 minutes
out of 195 minutes of elapsed time. They observed that the oxyaen
uptake rose by about 5 per cent on the average,

Ayoub, Burkhardt, Coleman and Bethea (1972) conducted a series

of experiments involving a number of subjects walkina on a treadmill
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according to two different alternatina work profile conditions. They
reported a build up in oxygen uptake and heart rate in all their
experiments.

Such increases in oxygen uptake were also reported by Dil)
et. al. (1931), Cobb and Johnson (1963), Rowell, et. al. (1969),
Hartley, et. al. (1970), Christensen, Hedman and Saltin (1960), and
Gleser and Vogel (1971).

The cause for this rise {n oxygen uptake as reported by various
authors is not determined yet. There are two possibilities, namely,
i) a gradual decrease in the mechanical efficiency and

11) a slow change over from primarily glycogen substrate to

fatty acids for fuel for muscular contraction.

A decreasa in mechanical efficiency requires additional oxyaen
uptake to keep up the work cutput. The decrease in efficiency is
brought about by the recruitment of additional muscles to velieve the
tired primary muscles. These additional muscles so recruited are not
primarily best suited for the function and hence are less efficient in
accomplighing the task. Further a deterioration in motor cobrdination-
may also partly account for the decrease in mechanical efficiency.

In cases of prolonged work the suscle qucogonris gradually
exhausted and more and more of free fatty aéid is used as.fuel in the
process of muscular contraction. For the same enerqy output, fat re-
quires more oxygen than glyccgen. krogh and Lindhard (1920)'weée the
first to observe this phenomenon. They reported that oxygen uptake

increases as high as 5 to 10 per cent when fat becomes the primary

wud em
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source of energy. This phenomenon is issociated with a simultaneous
decrease in the respiratory quotient.

The graduate increase in oxyg. . uptake means that the energy
expenditure rate is not constant even in cases of seemingly constant
rate of work output. Hence it is unreasonable to use a simple average
energy output rate in cases of alternating or intermittent work load
conditions. The models presently available to predict endurance are
found deficient in this respect. o

A model that would take into consideration ihe gradual increase

in energy output rate and also the factlthat a man rarely works at a
constant work level will have a considerable practical significance.
Most industrial tasks requiré sustained performance for a nunber of
hours. A worker in the actual situation usually alternates between more
- active and less active periods,fn performing any task, These are pev-
tinent facts and a mode) includingvthESe would be useful in predicting

the endurance time limit, Further it could alsp-be of use in work

3 o
P . R destgn. For example, introducing a 1ight task between difficult tasks:
) | " wmight eliminate certain fatiguing conditions. Mareover a scientific
; method of computing the traditional “fatigue allowance® rather than |
" by tule of thub is possible by using such a model,
‘ R
v




CHAPTER [1
DEVELOPMENT OF THE MODELS

For the purpose of developing the models in this investigation,
Tt will be assumed that the narmal worker is a youna adult of about
25 years 6f age, 70 kilograms in weigkt, and having an aerobic capac- -
ity of 45 milYiliters/kg body wei,"t/minute. Any deviations from
these norms can be easily accounted for and such procedures are

mentioned elsewhere in this chapter,

Endurance Time | imit Hode)

A model Lo predict the endurance time limit should be developed
based on canstramt,:. siamar to those suggasted by Bink (l%’l) and
Chaffin (1966}, .
| 1. . Short term encrqy expanditure liwi‘tati’m’n ‘

Rccomnq £0 Astrami {1860}, the mazm oxygen uptake of an
individual of 25 years -age and in gued health wauid be on the average
- 45 ml/kg/min.  Such an individual can, for at least & minutes, easily
sustain an activity reguiring his maximum oxygen uptake vit!wut any
sericus physiological .::msequencés. fissuming that one liter of oxyqen |
consused would equal on the average 4.85 k calories of metabolic
ehergy released, it can be said that over any four minute pericd, the
worker should not exceed an energy expenditure rate of

35

X 485 « 0.21625 keal/kg/min,
12




2. Eight hour energy expenditure limitation:
If an individual is to maintain a constant rate of work through
8 hours of a work day he could not exceed a rate of more than 50 per
cent of his maximum, according to Astrand (1960). However, most other
researchers tend to believe that only a much lower figure is possible.
Michael, Howarth and Hutton (1961) found that 35 per cent of maximum
aerobic capacity is the limit for continuous work on a bicycle for
8 hours, Passmore, Passmore and Ournin -(1955) proposed a limit of
30 per cent of maximum. Such lower Vimiting figures are supported by
Christensen (1962), Bink (1962), Lehman (1962), Wuller (1953) and a
number of others based on their own findings. The discrepancy between
Astrand and others s due to the facts that Astrand uséd athletic twe
- subjects and also introduced 10 minutes rest after each 50 minutes of
work, | | |
Hence it is very reasonable to consider that 33 per cent of
naxioum aem‘bic capacity is the iimii frr 8 hours 'of sustained per-
formance, Under ﬁuch a condition during any 8 hour period, the worker

 should not exceed an energy expenditure rate of,

0.33 xf& x 4.85 « 0.0728 kcal/ky/win,

3. long terwm eﬁemy expenditure Himitation:

Toe total enevgy expunded during a day should preferadly be
matched by food intake in terms of calories. OF course, eucreding the
1init a Vittle on any particular day or two will not serivusly affect
the physiological system. However, froa the vieﬁﬁoin’. of long tere
effects, it is advisabie that on the average the caily energy expenditure
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is compensated by food intake. For tne normal subject heing considered
the average daily calorie inta“e is about 3500 kcal/day (Chaffin, 1966).
Based on the above during any Z: hour period, the worker should

limit his energy expenditure rate to within,

3500 (keal) 1 ] .
W X ‘m—s-o-— 0.0347 kcal/lm/mln.

The above three limitatio.; are specifically expressed in terms
of energy expenditure per unit body wright. This is done in order to

account. for the weight differences among the individuals. Presently

available models by Bink (1962) and Chaffin (1966) lack in this respect.
The three constraints mentioned above cover a time peviod of
4 minutes to 24 hours. It is reasonable to expect that any task vio-
lating any one of the constraints wndlﬂ he difficult for the novma)l
worker to accomplish. Also the allawablé tim on any task could be
determines by the Vimitations imposed by the constraints mentioned
above. 1In ordér to cbgain the aligwable time tie three constraints
~ were related in a single expression.  Such an gxﬁression is useful in
estimating the allowable time for any energy expenditure rate other
than those represeating the caﬁstraints. Further the expression is
also useful in estimating the maximum permissible rate of energy ox-
panditure for any given period of time from & uinutasrtd 24 hours,
| The constraints suggeit 3 logavithmic relationship between the
energy expenditufa ra@g and allowable time. Hence the Vogarithm of
the allowabie time is used along with the corresponding energy expendi-
\ ture rate to be fitted to a straight lirne. The equation of the resulting

siraight line is,
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E = 0.26144 - 0.072 loqlo t (2.1)

where E is the energy expenditure rate in kcal/kg/min and t is the
allowable time in minutes.
Equation (2.1) can be modified to yield the allowable time t

directly, viz.,

¢ = 1o (0.26144-E)/0.0712 (2.2)

Under alternating work load concitions, the rate of energy
expdniture will also be alternating between two levels., Further the
gradual increase in oxygen uptake would cause these levels to change
when the work is prolonged. In order to take into effect these two
facts, it becomes necessary to define an equivalent energy expenditure
rate, %. This E in essence would renresent a constant energy expen-
diture rate which will be equivalent to the given alternating work
load situation. The computational procedure to obtain % from the given
work profile conditions is mentioned in Chapter IV.

For any given equivalent energy rate, E, the equation (2.2) can
be useu to prodict the endurance time limit. In this case, the

endurance time 1imit would be given by t.

i.e. Endurance time limit or

° -

Figure 1 shows the reiationship betwaen logarithm of the
allowable time and energy expenditure rate graphically. The X axis

represents the logarithm of time in minute and the Y axis the energy

v WM.
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expenditure rate in kcal/kg/min. The three points represent the three
constraints and the straight line is the best fitting line connecting
the three points. The area to the left of the line represents pos-
sible conditions, i.e. the subject can further continue on the task.
The area to the right of the straight line represents impossible or
fatigued condition. The worker should have stopped working earlier.
In effect the straight line represents the endurance time limit,
Figure 1 as well as equation (2.3) may be called the endurance time
1imit model or ETL model for short.

The model can be used with relative ease in predicting the
endurance time limit, for any given energy expenditure rate. Substi-
tuting for E, the given value of energy expenditure rate in equation
(2.3) will yield the endurance time 1imit in minutes directly.  Or by
drawing a horizontal 1ine in Figure 1 across at the given E level, to
intersect the ETL line will yield the endurance time 1imit. Either
technique could be adopted depending on one's choice. While using the
equation would require some computations, the answer would be exact.
Using the graph is quick and simple but would yield an answer that is
approximate, depending on how accurate the user is in drawing the line
and reading values off the graph., It should be remembered that the
results from these models refer to the normal subject as previously
defined.

The next step would be to estimate fhe equivalent energy
expenditure reate, given the profile of the alternating work load

situation. This could be done considering,

e— ,_-@
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i} the oxyqen uptake at each level of the alternating work
load
i1) the gradual increase or build up in oxvgen uptake on

prolonged tasks.

Muscular Eneray and Oxygen Uotake

An adequate supply of oxygen is necessary for all oraganisms
for normal life and activity. The oxvgen is used by the cells for oxi-
dative processes in the metabolic reactions that yield energy for any
kind of activity.

When an individual performs an activity expending muscular
energy, it can be easily observed that the rate and depth of his
breathing increases. This occurs because as more energy is required,
the metabolism is increased and the neced for oxygen in turn is also
increased. In order to supplv more o:ygen the individual breathes
more air. It is important to realize that man has very little capacity
to store oxygen in his body. The blood and lungs may store 2000 ml of
oxygen in the body of a normal adult. In addition a few hundreds of
milliliters of oxygen may be present in combination with myoglobin,
This supply is inadequate for any real physical activity considering
the fact that even an individual at rest would consume about 200 to
300 ml/min. Hence practically all thc oxygen required for energy
release has to be met by adequate supply to the muscles.

When oxygen supply is available in adequate amounts, muscular
contractions are carried out by aerobic processes. \hen oxygen supply

is not adequate, energy is still released, but by anaerobic processes.
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The exact chemical reactions invelvina a number of chemical constit-
vents and enzymes are highly complex and are not yet fully understood.
However, a general picture of the chemical reactions that take place
in the process of liberation of energy in man can be described as
below. (Astrand and Rothal, 1970).

1. Organic Phosphate - Inorganic Phosphate + Eneray for
muscular work
2. Glycugen - Lactic acid + Energy for resynthesis of organic
phosphates
3. Inorganic Phosphate + Energy - Ornanic Phosphate
The above three reactions do not require oxygen supply from
outside and are said to comprise the anaerobic process of enerqy
1iberation. This can last only for a short time, normally two or
three minutes at *he most, by which time the stores of essential or-
ganic phosphates are depleted and lactic acid accumulation in the
working muscles require that the contractions be stopped.
If free oxygen is available, the muscle contractions can be
continued according to the following reactions.
4. 1/5 Lactic acid + 0, » CO, + Hy0 + Energy for
converstion of remaining Lactic acid
5. 4/5 Lactic acid + Snergy + 0, =+ Glycoaen
The above two reactions are said to comprise the essentia)
features of aerobic processes. The alycogen produced in step § could
-be used again for muscular contraction. Theoretically this can con-
~ tinue forever if the oxygen supply is maintained. But in skeletal

nuscles the rate of accumulation of lactic acid and CO2 is much faster

. mwa




2n

than these could be eliminated. This leads to muscle fatique and
requires stopping the activities in order to recover from the fatique.

When an individual starts workina the oxygen uptake does not
immediately rise to the level of enerqy expenditure. It takes some
time for the oxygen uptake to stabilize at the new level. During this
period, the energy release is accomplished anaerobically. This is the
basis of the well-known phenomenon called “"oxygen debt." Similarly
when the individual stops working the oxygen uptake does not immediately
return to the previous level, but slovly returns to normal. Muring this
period the excoss oxygen consumed is utilized to repay the debt incurred
at the start of activity. Fiqure 2 shows this diagrammaticaily. The
phase during which the oxygen debt is repayed is usually known as

"Recovery Process.”

- Response of Oxygen Uptake to Sudden Changes in Vork Level
Hill, Long and Lupton (1924) measured the vate of decrease of

-~ oxygen uptake during the recovary process after rﬁnninn on a treadmill,

On sampling at frequent intervals they>fpund that the décrease follows -

a logarithmic_turve in the First, fast phase of recovery, The re- .

covery curve may be expressed in the fora,

R - oAt
where ’ _
f(t) « 0, uptake at vime t from the start of recovery
A « 0, uptake at the start of the recovery -
k »

the velocity constant




Repaying 0, debt
- or recovery

~ oxygen uptake

|
1
|
t
|
l
|
t
t
!
|
|
I
A
1
i
{
!
\
i
1y
¢

A Start. of work" : nd of work

Time

Fig. 2.--Restmnse of nygen uptake to sudden chamses in phvsical'
_ Hork Yoad levels | _




22
Margaria, Edwards and Dill {1933) stated that the oxygen recovery curve
after strenuous exercise is composed of two exponential terms, an
initial rapid component lasting a few minutes and a longer component
of several hours duration depending on the exercise intensity. How-
ever, they found that after moderate exercise, the recovery curve is
composed entirely of the first component.
Henry and Demoor (1950, Royce (1955), Clark and Smith (1966)
also proposed more than one exponential term for describing the re-
covery process. Though these relationships with more than one compo-
nent could be safd to describe the recovery process more accurately,
a single axponential term has been found to be a fairly good approxi-
mation for most practical cases. (Simonson, 1971)
- Berg (1957) made a detailed study of the recovery processes of
both oxygen uptake and carbon dioxide elimination on a total of 38
- subjects of different ages performing step tests. He found that the
recavery process could be accuratgly described by an exponential
expression. He 5130-computed'the time required to achieve 50 per cent
recovery for both oxjsggn,uptake and carbon dioxide elimination. The
- ﬁal_f ‘time'mcovew q:'onstants_ for o‘xygén uptake was on the average 31.3
- seconds. For’investigating ihe'effgece of work }'ate, he used two work -
raiesj.requir'ing an average oxygen uptake of 790 cc/min and 1400 cc/min,' '
The half time recovery constants were 29,7 & 4.6 -seéo-nds_ and 30.3 ¢
2.2 seconds respectively, with no significant effect due to work rates. -
The duration ofrexgrcisg élso had no significant effect on the mné
time recovery constant. ' The age did show a significant difference
between the very young and the very old among the subjects.
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Schneider et. al. (1958) conductied experiments involving six
subjects walking on a treadmill requiring about 30 to 55 per cent of
the subject's maximal oxygen uptake. The duration of the walk was
varied as 3 minutes, 8 minutes, 14 minutes, and 25 minutes. They found
a constancy of oxygen uptake and of the oxyten debt at the third minute
of constant aerobic work. At any particular work load the oxygyen debt
was not significantly different for different work situations.

Cerretelli, Sikand and Farhi (1966) studied the oxygen uptake
response at the onset of excrcise and during recovery at three dif-
ferent walking speeds of 3.2, 4.9 and 6.8 km/hr with a constant incline
of 8 per cent. They found the kinetics of oxygen uptake to be inde-
pendent of the work load. At the onset of exercise the oxygen uptake
appeared to rise according to a simple exponential function with a half
time of about 30 seconds. For moderate work loads, the 0, uptake both
during rise at the start and during fall at the end coyld be described
by a single exponential term. But at work loads near the maximal
capacity the oxygen uptake during the recovery process appeared best
comprised of several exponential terms. |

Broman and Wigretz (1971) studied the transtent dynamics of
ventilation with step changes in work load in an experiment involving
six subjects. They found that the response of ventilation to both
| increasing and decreasing step changes 1n work load could be represented

by a single exponential function. ' Further the velocity constant of the '

response was independent of the initial work load. Though their findings

relate to ventilation as such, these can be reasonably extended to

 oxygen uptake also.




24

Whipp (1971) used an approximate formula,

; VO2 steady state
Velocity constant = —ﬁé AMRE

for the oxygen uptake response at the onset of exercise and compared
the results with actual values of the velocity constant as derived from
a single exponential expression. There was no significant difference
either at the light load of 300 kg/min or at the moderate load of
450 kg/min of exercise.
Davies, di Prampiro and Cerretelli (1972) studied the kinetics
of respiratory gas exchange and cardiac output on a single breath |
basis in two subjects during onset and recovery, a) from rest to mild,
b) from rest to heavy, and c) from light to heavy>exercise. They
found that starting from rest both for mild or heavy exercise the
- half time of the process is about 30 seconds, both at the onset and
at the recovery. 'ﬂouever. in the case of Yight to heavy”exercise. the
half time of the process is approximately 17 to 20 seconds at the on-
set and during-racbvery from hegyyAto Hght, it was of the ordef of fi
40 seconds. o - " o
"~ Al1 of the above mentjoned studies lead to the following conclusions.
1) The oxygen uptake following a sudden change in work load
can be fepresénted by an cxponential expression. 'The'
relationships would be o _ |
f(t) = AE*FL for a fall in work load and
#(t) = A(1-e%rt) for a rise in work load, where A is
the change in work load and ke and k 2re velocity
_-constants. '
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ii) The velocity constants, k. and ke in effect determine the
response process and they are independent of initial work
load or duration.

iii) The velocity constants depend on the individual's physical

condition.

gguiva]ent Energy Rate Model

An alternating work load is that work in which the work rate is
not constant; but alternates between,two fixed levels., The work rate
is maintained at a higher level for a fixed time duration at the end
of which the work rate is suddenly reduced to a lower level for some -
ather time duration. At the end of the low level work period, the
work rate is again increased to the higher'tevei.and the éycle is
‘vepeated until the task is completed. In offect there are two dif-
ferent work rates'and-the worker alteraates between these two levels

for fixed time periods on each_,-’ “Howevor, due to the slow response

- of oxygen uptake for a sudden Changé in goi*k Tevel and due to the

. gradual build up in 0, uptake over: tiow thergéngral profile of o;yéeh |
-.uptake’fbr’an~alternating wort'jaad fs not identical with that of the
work load ftself, Figure 3 shows the response of OXy.2n uptake to an
alternating work toad, o -
| If the theories of gradua! increase in cxygen-uptaka in prolonged
.work and the exponential response of gxygen uptake during'spdden changes
in work load are accepted, it is then Fairly easy tov cospute the equiva-
lent ehergy r‘até for any given aliemating work profile.

Consider an alternating work load situation with the following
profile: .
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H] = oxygen uptake requirement in liters/min at hiaher level
during first cycle
L] = oxygen uptake requirements in liters/min at lower level
during first cycle
tH = work time at higher level in minutes
tL = york time at lower level in minutes

(t, + t,) = cycle time in minutes.

Also for the normal worker let kr and kf represent the velocity con-

stants for oxygen uptake following a sudden rise and suddea fall

_respectively.

Assume that the oxygem uptaxe increases from cycle to cycle by a

‘constant proportion, 6, of that of the first cycle and that this 8 is
* the same at lower and higher levels.

~ That is, if W, represents the oxyjen uptake rate at high level
during it eyeie, | ’ |

Wy HE

o | |
:“3'»-' Hy ¢y = '&, . 21,6 and s0 on.

'.l'h‘general'. | V |
| _'ui =y o+ {i-1) N8 - | (3.#)
Sia"i larly, ' | .
| Ly sy Le o (28)

Let n be the total number of cycles the werker can perform before

stopping due to physical fatigue.
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Now, the oxygen uptake during ith

cycle can be represented as
shown in Figure 4. The tiie t1 represents the time t.:2n for oxygen
uptake to stabilize following a rise in work level and tz represents
the time taken for oxygen uptake to stabilize following a fall in
work level.

The total energy released during ith cycle by the oxygen consumed
will be proportion:” > the sum of the areas under the curves, AG,
8C, CD and DE.

The curve AB is given by,

f(t) = (W - 1y) (1 - ety

in the above the point A is taken to be at the levet‘Li. i.e., the
butld up in oxygen uptake is assumed to have occurred at taevvery end

of the previous low work, shifting the oxygen uptake levzi suddenly
from Leg 4y to Ly, The error introduced by making such an assusption
‘45 szall and tan be neg\ected. '

~ Taking A as the origin and L; as thz base line, the area under
the curve AB is computed as, |

R . ' . ‘
noe S e et g
The rectangular area B'BCC' 4% given by
vp (W < 1) (Y - 8)

The area under the citve CD s computed with C' as the origin and
L; as the base Virne and is given by

¢t ,
Y3 . I 2 ("i - Li) Q.&ft dt.
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The rectanqular area A'ALE' is given by

g = byt y)
The total oxygen uptake during the yth cycle is aiven by the sum
Y] *Y2+Y3+T4-
i.e.

Y§ = Yl"'Yz"'Y3+Y4

Y %t
vi = [0 (geLg) Qee™irT) dt o+ (H-Lg) (ty-t))
t "kft \
The above is true only if t < tH and tz <. If ty 2ty then
. M ~kpt t k¢t
vgo= [T (Hly) QeeTTr) dt + [0 (HpeLy)e T dt

+ L (tH +t) | (2.7)

If ty > ¢, then the limits of the second integral in equation (2.6)
will be changed to 0 to t,. If both t, > t, and t, > t_then the
limits of the second integral in equation (2.7) will be changed
t00tot.

In any event the total oxygen uptake for the n cycles can be
) represented by, |

4]
Yeotal 121 y‘ liters (2.8)

che equivalent rate of oxygen uptake is obtained by dividing Yeotal
by the total time efapsed.
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The time elapsed = n (tH + tL) minutes, Therefore,

-]

n
Y = vi / n (ty + t,) liters/min (2.9)

Assuming that 1 liter of oxygen uptake is on the average equal to 4.85
kcal of energy released and that the individual weighs W kilograms,

we can say that the equivaient energy expenditure rate is given by,

[+
E = 54%§ X ; kcal/kg/minute

i.e.

e 485 T e+ t) kealkg/min  (2.10)
W gk Vi Mt R kel -

Equation (2.10) is the equivalent energy rate model or EER model for
- short, |
In order to predict the endurance time limit this value of §
can be used in the ETL model. To start with E for first cycle will
be computed and the corresponding endurance time limit determined from
the ETL model. If this endurance time is greater than the elapsed
time, i.e, (tH + tL) minutes, it means that the activity can be con-
tinued further. Then % for the first two cycles will be computed
from EER model and the corresponding endurance time determine from
the ETL model. Tkis will again be checked with the elapsed time,
i.e. Z(tH +'tL) mins in this step. The procedure will be repeated,
increasing by one cycle every time, until the endurance time and
elapsed time are equal. Ideally, these two will be equal at the en-
durance time 1imit. However, in most cases these two times will not

become equal; but at a certain stage, the elapsed time will become

s qtd eeRe
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¥ greater than endurance time. This is because the elapsed time increases
in discrete steps of (tH + tL) minutes, while the endurance time in-
creases on a continuous tasis. In such cases the endurance time limit
& will occur when the elapsed time, n(tH + tL) vould just exceed the
| endurance time as computed from the ETL model.
The necessary computations to determine E and endurance time

§ ~ limit can be carried out in successive iterations. A computer program

to do this is written in Fortran IV language and is included in the

Appendix A.

3 ]

Modifications for Workers Gther Than Mormal Workers

For the purpose of developing the modols a nor~zl worker was

defined earlier in the chapter. The normal worker is a male, 25 years

’ old, of 70 kgs weight and having a maximum aerobic capacity of 45
mi/kg/min. However, in actual situations the worker involved may
differ widely from the above norms, Hence it becomes necessary to

g provide modifying procedures for such cases,

3 # First, the endurance time limit will be determined for the normal
N worker without considering the deviations. Then the necessary correc-

' tions, as outlined below, will be carried out to account for the
deviatiens.

. P. 0. Astrand and Christensen (1964) report the resulis of an .

extensive study they conducted on the variation in maximum aerobic
capacity of individuals of different ages and both sexes. The study
covered 350 males and females of age 4 to 65, They found that in both

sexes, there is a peak around 20 vears of age, followed by a gradual

RETTERRE Lo
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decline in the maximal oxygen uptake. At the age of G5 the mean value
is about 70 per cent of what it is for a 25 year old individual., Fur-
there that at any age, females have a maximum aercbic capacity which
is about 70 to 75 per cent of that of a comparable male. Also the
physical working capacity of an older individual is considerably less
than that of a younger individual. The multiplication factors given
in Table 3 are to be used to correct the endurance time 1imit for sub-
Jects of different ages. These factors are modified from the Physical
Fitness Index suggested by Chaffin (1966), by assumina an index of
one for the age range 21 to 25 years and then computing the indexes for

other age ranges.

TABLE 3
CORRECTION FACTORS FOR AGE DIFFERENCES

Age range (years) Multiplying Factor

16 - 20 1.025
21 - 25 1.000
26 - 30 0,965
3N -3 0.885
36 - 40 © . 0.840
a1 - &5 0.825
46 - 50 | ~0.805
51 - 55 | 0.780
56 - 60 0.735

Note: ™ ModTTied Trom Chaftin (1366)
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If the model predicts that the endurance time limit for a given
task for the normal worker is 100 minutes, some other individual of
45 years of age, all other conditions being the same, will be able to
endure the same task only for 100 x 0.825 = 82.5 minutes.

Also in the event that the aerobic capacity is different from
the defined 45 ml/kg/min, the endurance time will be affected propor-
tionate to the difference. In such a case, the endurance time limit
as predicted by the model will have to be muitiplied by a factor I%
where a represents the maximum aerobic capacity of the individual in
terms of ml/kg/min. This correction is similar to that suggested by
Chaffin (1966). Chaffin assumes a maximum physical working capacity
of 16 kcal/min for an average workér and fc» workers differing from
this norm, he suggests using a factor T%-where A is the maximum
physical working capacity of the individual. |

The correction factors for differences in age and maximum
aersbic capacity are included in the computer program written to take |

care of the computational procedures. The program in Fortran IV

languige is presented in Appendix A. The corrections are effected

after computing the_endurance’time Hmit for the normal worker.




CHAPTER II1I
MODEL PARAMETERS

The equivalent energy rate (EER) model as developed in Chapter II
requirves that the following be known before it can be used in practice.
| (1) The work profile conditions: tys sty and L |
(i1) The gradual increase in oxygen uptake from cycle to cycle
as é fraction of the oxynen uptake during t' > first cycle,
i.e. 6. |

(ii1) The velocity constants: K, énd ke. |

(iv) The time durations required fov the'oxyqen uptake to- _

o attain steady stéte;af;erra change in work load: 4 and
ty. | ' | | |

OF the above the‘work-aroﬂl-e conditions are assumed to be known .

for the given task. Gbut the owner parmeiers are uuknoub-ai: this
 stage. These are task as well as worker dependent. |
The gradual increase or build un in oxynen untake durinq nmlonued L

: sork has been obsorved by a number of authors. In neneral the increase

has been found to be about 5 to 10 per cent per hour, under widely

 differing conditions of work (Simonsen, 1971). The exact amount of

Increase for different work profile conditions has not been studied
to date, Hence it becomes necessary as a first step to study this

" bufld up phencwenon in order that the EER model could be useful in .
- practice. A set of experiments was conducted as a part of this rescarch

35
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to obtain information on the build up in oxygen uptake under different
work profile conditions,

The velocity constants kr and Lf depend on the physical condition
of the individual. Except when there is a light activity or rest
during the low level, the velocity constants are independent of work
load and duration of activity (Davies, et. al., 1972). Most of the
studies reporting on the velocity constants (Simonsen, 1972; Maroaria,
et. al., 1933; Berg, 1947; Henry and Demoor, 1950; Henry, 1951;
Cerfetelli. et. al., 1970; Whipp, 1971) concern constant work load
conditions. Very little knowledge is‘presently available how alter-
nating work load conditibns would affect these paraméters. Also as
the velocity constunts are dependent on the individual, it is not pos-
sible to diractly apply the available data from the literature te the

“case of a normal worker. | | _

_ Finally the steady state time for oxynen uptake to stabilize
following a change in work'load-paSes a curious problem.' If it is
accepted that the oxygen uptake response can be described by an. expo-

” neutial law, then theoreeicaily the steady state would never occur.

~ However, in practice 1t can be said that the oxygen uptake has attained .

a steady state level , when only a snall amount of deviation from the
"f;exnécted steady state value extsts. SuéhAa criterion is necessary in
' detarp!ﬁing ghe_steaﬁy state times t‘_and t. within any regsenahle |
“lits-. ' o | -
In general, ihere 15 not much data available in the literature '
’_-regarding the parameters mentioned above. This is especially true if

the individual concerned has any effect on thess, because, for the
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purpose of developing the models in Chapter II, a normal worker with
certain physical capacity is defined. Therefore, all the required
data are obtained from experiments conducted specifically for this
research. The exceptions are the data taken from published and un-
published reports relative to the physical loading experiments con-

ducted at the Industrial Engineering Laboratory of Texas Tech University.

Design of Experiments

The determination of the parancters for the EER model require
that oxygen uptake of the worker, as he performs the alternating work
load task, be known. However, the oxygen uptake itself depends on the
work load conditions. Specifically the high level load, lew level
‘load, the time schedule on each level, and the duration of the task
determine the oxygen uptake.

Therefore, the following were chosen as the independent variables
for this research. | | |
- (1) The work load combination in each cycle.

(1i) The time schedule in each cycle. o _
FurtherAit_is'also possible that the aradual increase in oxygen uptake
depends on the duratfon of_tt;e task to be accomplished, That is, |

~ during different time durations the build up in oxygen uptake may

~occur at different rates, even'éhen 311;6ther conditions are maintained
. the same, Hence a third independant variable, the»tiwe'duraticn of
activity, was also included. |

DR fouiad
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Work Load Comivinations

An alternating work load, by dvofinition, involves two different
work loads. The individual performing the task does the hiaher vork
load for a specified time and the lower work load for some other
specified time and then aoes back to the higher load. Thus he alter-
nates between the two defined loads for specified time intervals under
each load. Onc combination of work loads means one work load at higher
level and another at lower level. It is alﬁo customary to specify the
work load levels in terms of the percentage of the maximum aerobic
capacity of the individual. Thus 50 per cent work load mean§ a work
load level which requires an oxygen uptake of 50 per cent of the maxi-
mum aercbic capacity of the indtv:dual The 50 per cent is specific'j
for the individual concerned only. Far somg other individual the same
,work Toad will not be 50 per cent of his maximum. un!ess the maxirun
- derobic capacity of the second individual is the same 3s that of tha
~ first. In other words, for xndiviauals uith the same maximup aerobic
capacity. the same work load will be a constant percentage of their
maxionm,  This makes it possible to use difforent subjects to represent
the normal worker so long as tlxeir mxim aembic capacity is thc same
~as that of the normal worker. |
.' The following four levels of work load conbination were chosen.
1, 50 per cont of maximum and 20 per vent of maxiuua

2. S0 per cent of maximum and 30 per cent of maximum
3. 70 per cent of maxioum and 20 pev coent of maximum

4. 70 per cent of waxirum and 30 per cent'ofiaaxiaun
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The above were just a few of the various combinations possible.
The lTow levels of 20 per cent and 30 per cent were chosen so that the
low level activity could be maintaincd below the 8 hour limitation of
33 per cent of maximum. The higher loads were chosen to be 50 per
cent and 70 per cent so that there could be one moderate level of
activity and onc heavy task. A work load hicher than 70 per cent of
maximum would be too difficult for an individual to-sustain for long.
Further it is rare that an industrial task of prolonged nature would
vequire such heavy enargy output. Other than the above mentioned
criteria, the levels were chosen arbitrarily.

The experiments conducted earlier, under the THEMIS project, in
this laboratory used a work load combination of about 40 pef cent and
25 par cent. | o

The above four levels could be expressed in terms of the energy

 output in kcalfko/minute as given below.

1. 0.1090 and 0.0436
2. 0.1030 and 0.0555
3. 0.1538 and 0.0435

4. 0.1538 and 0.0655

Yime Schedules

. The fo%iewjng four levels of tive schedules were used.
1. 5 infnutes at high 1oad and 15 minutes at low load
2. 5 m'nutes at high load and 10 winutes &t low load
3a -]0 minutes at high load and 5 minutes at low load

- 4. 15 pinutes at high lo&d_aud 5 minutes at Yow load
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These time schedule ievels were also chosen arbitrarily, Of
course, rarely do such exact schedules exist in any practical task. How-

ever, in order to keep a systematic approach, some such exact levels

have to be used.

Time Duretion

‘Two levels of time duration, viz., 2 hours and 3 hours were chosen
and used in this experiment. It was felt that any time duration of
longer than 3 hours will be too difficult to complete espacially at high
work'Ioad combinations. In fact, it vas found later during aclual ex-
perimentation that even 3 hours was toa long for a few of the tests of

heavy work Yoad combinations and time schedules,

The experiment was 5o designed as to yield a 4 x 4 latin square

design for each time duration. Uader each time duration, there were

4 levels of work load combinations and 4 levels of tine schedules,

7 resultihg in 16 test cases, Feur'Subjects were used in each of the

16 tests with 4 teszs per subject, On the whole for both the time

' duratioa levels. there were 32 tests and § subjects were involved with -

4 tests per subject, lo repetition of the same tese»uas desiqned to -

- be conducted. Tables 4A and dh show the ass:gnnnnt of sabjects to the

particular test cell in the latin squares.
_ The sode) for the.abave design is

Xigkt = v * Ry * G+ 5

 where

xijkl is the observation in the cell given by it row, th column
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TABLLS 4A -ND 40
ASSIGNMENT OF SUBJECTS FOR PARAM!I TER DETCRMINATION EXPERIMENY

(A) 2 HOUR TEST--(B) 3 HOUM TEST (LEYTERS WITHIN
THC CELL REFER TO THE SUBJECT)

@ TINE SCHEDULES
g 5/15 5/10 005 15/5
§ 50/20 T.T. R.F. LM, R.K.
Eg 50130  R.F. LM R.K. T.T. (A)
¥ 7000 LK RK 1T R.F.
% J00 R.K. AN R.F. LM,
2 TINE SCHELULES
3 - - ~ -
E 5N5 B 72U [ 1545

-'3% 50/20 Rl T o ha LA, - B

;g /3 B Lm0 8F o RL(8)
§7wza R BF. . RL. . MH.

J0/36° 8.F.aL. u.H. LK.




o *

kth square with subjrct 1 performing the test.

and
u s the overall mean common to ali the cells.
Rl is the effect due to ith rov

th

C. is the effect due to j~ column

J
kth

Sk is the effect due to square

T, is the effect due to pth

subliject
Eijkl is the random error or the error due to all uncontrolled

factors

Eight healthy, young maie subjects participated in this experiment.
They were all college students accustomed to normal physical activitias,
The relevant data of the individual subjects are shown in Table 5.
The subjects were chosen to represent the normal worker defined earlier

as closely as possible in their physical capacities. The personal data

of the individual was obtained by having him fill éqt a questicnnaire

at first, Then the maximum aerobic capacity of the individual was

determined according to the procedure to be outlined later. Anly those

closely meeting the specifications of a normal korker were selected to

‘be the subjects, Al the subjects were volunteer male students and

wore paid at the rate of $1.75 per hour.

AN} experimental data were cbtained with the subject walking on

-a motor driven treadmill manufactured by Marren E. Collins, Inc.,

Braintree, Nassachusetts. The troadmil) had an endlass delt, ruaning
over two tircuiar pulleys, providiag a ron slippery, smooth walking

surfa~e, The effoctive walking surface avatlable was 66™ long and 18"

wige. The treddnil) was equipped with controls to obtain ary speed




43
TABLIC 5

DETAILS OF THE SUBJECTS IHVOLVED IN PARAMETER
DETERMINATION tXPERIMENT

Maximum Aerobic Capacity
No. Subject Age Weight ka.

Liters/min mi/kg/min

‘ 1 T.T. 23 72.9 3.310 45.4
2 RE. 22 69.6 3.076 44.2
3 LM 23 73.3 3.338 45.5
4 RK. 22 704 3.007 42.9
5 RL. 23 7.3 3.029 42.5
6 MH. 22 - 8lL.6 4.088 50.1
| 7 LN. 26 70.4 3.985 56.6
8 B.F. 25 77.1 3,362 43.6

B between 0 to 16 mph. The slope cf the walking surface could be con-
;f;;.‘ trolled from 0 to 40 per cent inclination to the horizontal. |
K The okygen uptake of the subject was automatically and con-

} » ' ~ tinuously computed,‘breath by breath with an oxyaen consumption com-
| 5;; 3 puter manufactured byVTechnology/Veﬁsatronics, Inc., Yellow Springs,
i Chio (model OCC 1000). In order to measure the oxygen uptake of the

‘- subject, a plastic face mask was fittea snugly to his face. Two sets

| ' of Tow resistance one-way rubber valves encased in p1astic chambers
attached to the mask acted as inlet and outlet valves for breathing in-

E | and out. Quring inspiration, the inlet valves opened and let the
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~oxygen in the expired air could be in effect sensed by the computer,
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atmostpheric air ynto the face mask. During expiration the outlet
valves opened and let out the expired air inte a plastic, flexible
tubing of 1 1/2" diameter and 34" lonq. The inspired air and exhausted
air were never mixed except in the small space inside the face mask.
The other end of the plastic tubing was connected to the oxvgen con-
sumption transducer of the computer. The valve chamber and flexible
tubing were suspended from above through a coil spring so that the sub-
Jject might not feel hampered by theﬁ. The transducer of the computer
in essence was an oxygen cell capable of detecting the amount of oxy-
gen in the sample of air passing through it. The ‘omputer was pre-

viously calibrdted to the atmostpheric air. treuce any depletion of

This depletion was assumed to be equal to the oxvgen used by the sub-
ject while performing the activity. The computer then converted the
amount of oxygen depletion in volume at standard temperature and pressure
and was integrating continuously, The computer was so set to auto-
matically integrate up to one liter of oxygen and then reset and start
again.

Rectal temperature was measured using a thermister type rectal
probe manufactured by Yellow Springs Instruments, Inc., Yellow Springs,
Ohio, in combination with a bridge circuit. The probe was inserted
to a depth of about 6 inches inside the rectum. The bridge circuit
was calibrated every time before the test started and was checked
during the test at frequent intervals of at least once every 15 minutes.
This was done since it was found in earlier experiments that there was

a tendency for the base line to shift during the test. Fer some subjects
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the probe was slipping out occasionally while walking and at such mo-
ments the subject was instructed to push it back in position. Each
subject was assigned a thermal probe and he used only that particular
one for all the tests.

Heart rate was also monitored continuously during the test, It
was monitored by placing chest electrodes on the subject and using a
cardiotachometer which gave an output signal directly proporticnal
to the integrated time interval between two successive R waves. A
digital counter-printer was coupled tc the cardiotachometer to print
out the nuuber of heart beats every 30 seconds.

Though rectal temperature and heart rate were not used in the
development of the model, they were monitored in order to insure that
the subject was not overly stressed in some aspect that could not or-
dinarily be detected by oxygen uptaké. Also it was thought that the
data so collected could later be used in refining the model or for
other analyses. A four channel physiograph with suitable aﬁplifiers
was used to record all the three measurements on paper coatinuously
and simultaneously. The time was maintained by a buiit-in mechanism
in the physiograph to make a special mark on the paper every 30
_ seconds, This facilitated to a large extent the data assimilation
with respect to time at any convenient later time, The paper speed
was maintained at 0.2 cm/sec. The room temperature was maintained at

70°F. An electric fan was used in order to effect good circulation

of the air in the room.
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Experimental Procedure

During the first visit of the subject, he was informed of the

general course of the test and the purpose of the experiment. e was
' asked to fill out a questionnaire regardina his personal data such as

age, food habits, medica1-problems, etc, nly healthy and physically

fit candidates were selected. He was then aiven a chance to walk on
! ‘the treadmill for a few minutes and familiarize himself with it. Next
the subject underwent testing for his maximum aercbic capacity usina
submaximal test procedures. This was done twice once a day on two
different days, and the average value was taken as the individuals
maximum aerobic capacity. The_procedure for determinina the maximum
aerobic capacity was similar to that ocutlined by P. 0. Astrand and
Rodahl (1970). The subject was instructed not.to have any heavy food
intake for at least two hours before any test vas scheduled to start.
He was dressed in shorts and tennis shoes. He walked on the treadmill
at speeds of 3 mph and 0 per cent arade, 4 mph and 0 per cent arade.
4 mph and 4 per cent grade and 4 mph and & per cent arade for at least

5 minutes in each level. The steady state values of heart rate and

’ oxygen uptake at each level were recorded. These values were used in
predicting the maximum aerobic capacity. It was assumed that at the
maximum aerobic capacity the heart rate is also maximum, The maximum

d heart rate for an individual is predicted from the followina empirical

) relationship developed by I. Astrand (1059),
A
| ' Maximum Heart Rate = 100 + (26-aqe) X 0.62

PTEY - Lol
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Then each subject was administered a trial test on the treadmill
in order to determine the treadmiil settings necessary to obtain the
required percentages of the maximum aerobic capacity. Table 6 shows
the various treadmill settings for each subject for each work load

condition.

{ABLE 6

TREADMILL SETTINGS FOR SUBJECTS USED IN PARAMETER
EXPERIMENTS FOR DIFFERENT WORK LOADS

"f_ - f Treadmill Settings for Work Load

Subject 70 per cent 50 per cent 30 per cent 20 per cent

Mph Slope  Mph Slope MPH Slope  MPH Slope

- DRL. 4 8 4 4 3 3 3 0
e 2) M.H. 4 8% 4 5% 3 2 2.5 0%
X LN 4 9% 4 6% 4 0% 3 o

| 4)B.F. 4 8% 4 5% 32 2.5 0%

§) T.T. 4 6% 4 2 32 2.5 0%

; 6) RF. 4 5% a2 3 2 2.5 0%
LM 4 6% 4 - 2% 3 0% 2.5 0%

8) RK. 4 6% 4 2% 3 0% 2.5 0%

On the test day the subject came to the laboratory and vas
informed about the work profile conditions in terms of the treadmill
settings and time schedule. He then inserted the rectal thermometer

himself to the length marked on the thermometer (about 6 inches). The
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lead of the thermometer was fastened to the upper seam of the shorts
with adhesive tape to prevent accidental pulling off while wa1king.
Then three electrodes were applied to the chest of the subject after
cleaning the skin well. The face mask was then strapped to his face.
A chair was placed on the treadmill and the subject sat on it and
rested for 1% minutes. At the end of the rest period, the subject
walked for the required time as per the work profile conditions of the
particular test. Figure 5 shows schematically the work load protocol
in general for any work profile used in this experiment. The subject
always started off on higher load and completed on lower load. At the
end of the walk the subject again sat on the chair and recovered for
about 15 to 20 minutes. During the entire period of the test including
initial rest and final recovery, all of the three physiological para-
meters were continuously monitored and recorded. Change in work load
levels was brought about by manually operating the controls for speed
and elevation of the treadmill. Tkh*s was done with utmost care at the
exact moment as the event marker indicated the completion of the last

minute of work.

Computational Pfocédures

In order to compute 6, kr' Kes t and t,, the oxygen uptake data
is required. Hence, first of all, this data was obtained from the
recordings of the tests. |

In order to determine 6, the build up factor per cycle.»the
oxygen uptake during each cycle of the entire test run was determined.
Then a regression line for the oxygen uptgke against the number of
cycles was computed. In general, the equétion of the 1ine may be

NETRUTE o dand
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expressed as,
Y = By + BN
where

Y is the oxygen uptake during one complete cycle

n is the number of cycles

8y {s the y intercept

8y is the slope of the redression or the increase in

 oxygen uptake from cycle to cycle.

A straight line was fitted to data, since 1t was assumad during
-the development of EER model that such a relatvi,onshib exists between |
. oxygen consuwtioh and the cycle number.,. Thg straight line relation- - |
_.-shib was found to be better than Mghe} cMesfrelationships [ ihe |
 experinental data conducted under the THEMIS project in the Industrial
: Englmring Laboratories at Texas Tech Universitv. The. build up
: factor per cycle. 6. was cowuted in the following waaner.

o Oxygen uptake during cycle nusber 1, By * 8
" The jucre;sg.in oxygen uptake in every cycle » ,a‘. '

K (3.

- 80 ’ | .
Figure 5 shows the buﬂd up in oxygen umake and the basis for
the above computation, ‘However, since 8 represents the build up per

cycle, it will not be possible to directly compare the build up under
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v

Humber of Cycle
Fig. 6.~_~Shouing, the build-up in oxyqen- untake
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time schedules with different cycle times. Fer example 8 for a 15/5
schedule and 10/5 schedule cannot be directly compared even if the
work load combination was the same in both cases. This is because the
cycle times are 20 minutes and 15 minutes respectively. Hence another

quantity, the build up per hour was computed using the 6 value. Thus,
8' = 8 X n' X 100 ... (3.2)

where

0' = the build up in oxygen uptake per hour expressad as
percentage of the oxygen uptake during first cycle
n' = number of cycles per hour.

It st be remecbored that while 6 is required in order to be

used in the CER model, 8' is required in order to make a coa:pa’rison'

of the build up under different time schedules on 2 common time basis. | .

The velocity co..tant ke was comuted in the following manner,

" The oxygen uptake response curve for a sudden fall in work load vas :
| reprasented by o ‘ S U o

Rt) e Al

¥y .= the oxygen uptaké‘.during the interval Q.’S'u'ig‘wté
| to 1.0 ainute |

¥, = the oxygen uptake during the intarval 1.5 minutes




Therefore at t = 1 min,
f(1)
and at t = 2 min,
f(2) = ¥, = Ao

(X3

Dividing (3.3) by (3.4) we have

o e-kf
Yy T o

e

T L &‘f XX ‘ ‘ - : (305)

© Yy and "Ya are deternined directly from the recordings. Hence
" kg can be calculated froa equation (3.5). s | _ .
. For example, let the oxygen uptake during the time rinterval'
0.5 to 1.0 minute and 1.5 to 2.0 minutes be 130 ml. and 40 wi,
© respectively, o

) i:ﬂ. -
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Therefore
kf = 1,18

The velocity constant kr cannot be determined as readily since
the relationship is a 1ittle more comrlex. The oxygen uptake resoonse

for a sudden increase in work load wa; vepresented by the relationship,
£(t) i- AQ1-ekrt),

Now at time ¢t =1 min
f1) = v a AA_(lv-e'k") . ©(3.6)

and at t = 2 min |
f2) » Y, « aQle ey | ._ BN R

- Dividing (3.6) by (3.7) we have

fee.

e -
v; ' “-;-;z[;- . - ‘ - (3.8)
*p o Y . -
Put p = ™" and Y, = €, in equation (3.8).
“OW, We have '
G oo %':L45! y
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Cross multiplying and rearranging,

i.e.
o2 - p - (G -1) =0
1 | ) y
Putczac]-l. Then we have,

2

C]D - p - c? - 0 . - (3.9)

Equation (3.9) is a quadratic equation in p of the form ax? + bx + ¢

0, uhose roots are given by,

=h s ¢ bzr - da;c

e . : . ca-
| Hence thetuo roots of the equation (3.9) are given by, .
:_ 'K L san

Of the above two roots one wil} be negative and the other 41l
be bnsitive.‘ A negative value 'for '.;i B2ans a negative value for k.'.
“whi. 13 not possible in this case. Hence caly the pasitive root will
be used in calculating ko o ' '
for example, Iét the oxygen uptake-durin‘g_ebe intervals 0.5 to
1.0 ain and 1.5 to 2.0 mins be 420 k) and 600 wl respectively. Then
Yy = 420
Vz « 800
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VI 4720

{ . . -

‘) Y o "/
Cz = (c] - ]) 3 (0‘7 - ]) = '0-3

Substituting the above values in equation (3.10), we have

z "1 ..t ‘> [ e
P 70.7)
e -l JTFOBY 121,35
1.4 ' 1.4
0.356

* ¥ or .68
S«_ﬂecting only the positive root, we have

p = 0.2%3
i.e. |

ekr 0,283
Therefore, |

ke e L3

Figures 7A and 78 show diagrmticany the oxyacn untakq values

used in the computations.

The time constants t‘-_ and tgaro dependent on the velocity

constants and the magnitude of work Joad change. ihen the oxygen up-

take following a change in work load reached a level of 25 mls of dif-
" ference fros the expected steady state level the time constants ¢, and |

ta»wem detorained. This procedure was adopted bécause for the assumed

' emential relationship the steady state would never occur. Figures
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8A and 3B show the above stated condition for ty and t, in relation
with oxygen uptake. The error introduced in either case is small and
* 15 shown in the figure. This amount of error could be nealected with-

out affecting the results significantly.

Results

The various results of experiments conducted for the specific
purpose of determining the parameters of the EER model are discussed
below. These results were obtained according to qhe computational
pro;gdures mertioned in the previous section.

First, in crder to determine the build up factors 8 and 8',
regression lines were fitted to the amount of oxygen uptake in liters
per cycle to the cycle number for every test. The sum total of the
oxygen uptake during a higher work load followed by a lower work load
{s the oxygen uptake for that particular cycle. Figures 9A through
9P show the regression lines for all the 32 tests. The figures also
show the 95 per cent confidence interval lines for the corresponding
regression 1ines. In the case of a few 3 hour tests, the particular |
subject could not complete the task but terminated somewhere in the
middle. In such cases the regression lines are based on the data up
to the last complete cycle. These are shown as "Termination" in the
corresponding graph. Tables 7A and 78 present the regression line
data for 2 hour and 3 hour tests respectively. The correlation co-
efficients “or 2 hour tests vary from a low of 0.611 to 0.983. The
same for 3 hour tests vary from a low of 0.612 to 0.982. In general,
it can be sald that for both 2 hour and 3 hour tests the oxygen uptake

increases linearly as the cycle numbers increase.

o T .
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Fig. 9A,--Regression lines for 2 hour tests. Subject -T.T.
Top: Work load combination - 50/20, Time schedule - 5/15. Bottom:
Work load combination - 50/30, Time schedule - 15/5.
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Fig. 9B.--Regression lines for 2 hour tests. Subject - T.T.
Top: Work load combination - 70/20, Time schedule - 10/5. Bottom:
Work load combination - 70/30, Time scheduie - 5/10.
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Fig, 9D.--Regression Vines fap 2 hour tests, Subject - R.F,
' Top: Work load combination - 70/20, Time schedule - 15/5, Bottom:
\ Work load combination - 70/30, Time Scheduie - 10/5.
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Fi1g, 9E.--Regression lines for 2 nour tests. Subject - L.M.
Top: Work load combimation - 50/20, Time schedule - 10/6, Bottom:
Work load combination - 50/30, Time schedule - 5/10.
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TABLE 7A

REGRESSION LINE DATA FOR 2 HOUR TESTS
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Rrgression Line Data

Work load Time :
Combination Schedule Constant Ter:: Slope Term Correlation
8o By coeff, r.
50/20 5/15 19.043 -0.488 0.738
5/10 13.579 0.259 0.764
10/5 18.646 0.552 0.921
15/5 17.793 0.634 0.983
50/30 5/15 21.483 0.228 0.654
5/10 21.184 0.252 0.939
10/5 14,152 0.155 0.890
15/5 25,512 0.267 0.611
70/20 5/15 21.307 0.408 - 0,919
' 5/10 15.330 0.352 0,951
10/5 24.408 0.804 7-0.916
15/5 45,895 1.253 0.864
70/30 - 518 18.793 0.394 0.89%4
5/10 21.938 0.395 0.749
10/5 31.372 0.674 0.954
15/5 0.8N

3%.N19 - 1.038




TABLE 77

REGRESSION LINE DATA FOR 3 HOUR TESTS
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Reuression Line Data

Work load Time .
Combination  Schedule (conceant Ter~  Slope Term  Correlation
By By coefficient
50/20 5/15 15.844 0.11€ 0.646
5/10 21.321 0.316 0.940
10/5 23.331 n.379 0.956
A8/5 31.078 1.209 0.882
50/30 5/15 - 24.680 0.267 0.612
5/10 18.818 0.161 0.924
10/8 27.71% 0.191 .0.769
15/5 22,814 0.346 0.923
70/20 5/15 22.464 0.247 0.892
5/10 21,178 0.340 0.982
10/5 12.836 0.249 0.965
15/5 42,244 0.930 0.959
70/30 5/1% 26.781 0.290 0.785
5/10 16.494 0.180 0.866
10/% 33.490 0.438 + 0.886
15/8 41.319 2,174 0.905
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The results of the build up faéfor calculations are shown in
Tables 8 and 9. Table 8 shows the factor 6, which is the build up in
oxygen uptake per cycle expressed as « fraction of the oxygen uptake
during the first cycle. Table 9 show. the build up factor 8', which
is the build up in oxygen uptake per »our expressed as a percentage
of that of the first cycle.

For the 3 hour tests the 8 valurs ranae from 0.0069 to 0.0478.
For the 2 hour tests these values range from 0.015 to 0.0345. The
0' values for 3 hour tests range from 2.18 per cent to 14.37 per cent
and for 2 hour tests they range from 3.11 per cent to 12.7€ per cent.
The ' values obtained from the present study compare favorably with
those calculated from the data of Ayoub et. al. (1072). In their
scudy, on the average, 68' value for 2 hour tests was 4.10 per cent
and for 3 hour tests was 5.66 per cent under 40/25 work load combina-
tion and 15/5 time schedule. Under the same work load combination but
with 10/10 time schedule the correspording values were 6.84 per cent
for‘z hour tests and 2.733 per cent for 3 hour tests. Each of these
values were the average of 10 tests involving 5 subjects. Further
7 Saltin and Stenberg (19€4) observed t':at over a 3 hour period with in
between rests, the oxygen uptake of subjects working at about 75 per
1cent‘of'their maximum aerobic capacity rose on the average ahout 5
‘per cent. Also Ekelund and Holmgren (1966) reported an increase of |
about 8 per cent over a 50 minute poriod at a constant work load, The ,
large range found 1in th#'present studv is due to the fact that different
~work load qombinations ahdrtime schedules were employed. - '
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2 Hour Test 3 Hour Test
Work Load Time :

Combination  Schedule  Subject 8 Subject 8
50/20 5/15 T.T. 3.0250 R.L. 0.0073
5/10 R.F. 0.0188 M.H. 0.0146
10/5 R.K. 0.0288 L.N. 0.0160
15/5 L.M. 1.0345 B.F, 0.0375
50/30 5/18 R.F. 9.0105 M.H. 0.0107
5/10 R.K. 0.0118 L.N. 0.0085
10/5 L.M, 0.0108 B.F. 0.0069
15/5 T.T. 0.0104 R.L. n.Mmaa
70/20 5/15 R.K. 0.0188 L., 0.0109
5/10 L.N, 0.0225 B.F. 0.0158
10/5 T.T. 0.0319 R.L. 0,0190
15/5 R.F. 0.0266 M.H. 0.0215
70/30 515 LML 00205 D, 0.0105
5/10 1T 0.0177 L. 0.Mmn8
10/5 R.F, 7.0210 M.H, 0.0129
15/ R.K, .0270 L.H. 0.0478




TABLE 3
@' VALUES FOR & HOUR +MND 3 HOUR TESTS

2 hHour Test 3 Hour Test
ngg‘i(n:g?gn ch'gﬁle Subject - ] Subject 8
50/20 5/15 T.T. 7.51 R.L. 2.18
3 5/10 R.F. 7.53 M. 5.84
rs
| 10/5 L.M, 11.50 L. 6.40
15/5 R.K. 10.34 B.F. 11,24
50/30 5/15 R.F. 3.16 M.H. 3.21
| 5/10 L.H, 4.36 L.N. 3.38
b 10/5 R.K. 4,33 B.F,  2.80
- 55 T.T. N RL 48
- 70/20 §/15 L.M, 5.63 L.N. 3.27
5/10 R.K. 8.99 8.F.  6.30
10/5 T.T. 12.76 - Rl 7.60°
N | s RE 805 M 647
| 7030 8NS5 RK 6.6  B.F.  3.22
50 T, 7.08 Rl 432

- . : w5 RF. 842 MM 506
| | 155 LM 820 LN 18
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An analysis of variance was per-ormed on these 8' values, [lor
the purpuse of analysis the su:jects were used as treatments, Two
-1 in squares o7 4 x 4 x 4 size correspondina to each time duration,

i.e. 2 hours or 3 hours vere used, The results are presented in

Table 10,
’ TABLE *)
‘ ANOVA TABLE FOR '
Source 0.F, S.S. - M.S. F-Ratié
Work Load 3 73.200 26,401 3.970%
Combination . _ '
Time Schedule 3 73T 4800 3.979*
. ..  Subject 3 264 ©0.800 £.143
C Time Duration . any 22.712 a4
Residual | 12 79.094 6132
Y o S - “ STgnificant at 0.05 level.
. | SR - Effect of Work Load Combinations
- \ | The work load combinations were found to have a sianificant
~J. effect on the build up of oxyaen uptake, This is reasonable, because
- 3 hard work load combination such as 73/30 should certainly result in
-«  a build up diffevent from the one computed of 3 liahter work oad com-

bination like 50/30, when a1l other thinns are maintained the same.
- Figure io shows the build ub factor 6° against the work load
combinations. Cach point in the grapn is the averaae of all the 8
tests under that particular work schedule. One interesting feature
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to note is the combination 50/33 scer to result in the least Luild
up overall. In other words the combi-ation 50730 seems to he the
best of tne four combiraticns tested, as the Luild up had the lowest
average and smallest standard variation. V.- exact reason for this
phenomenon is not known. Howevar, it is suspected that the speed of
walk for this level of work load migrt have some part ta mlay in
causing this effect. Referring to Ta:.le 6, it is observed that in
order to attain 30 per cent work load, most of the subjects had to
walk at a speed of 3 mph where as the 20 per work load the wost éammon
speed of walk was 2,5 mph. It is qui:e possible, therefore, that the
3 wph walk kecps the physiological sy tem in a better balanaed-con-
dition than 2.5 mph, yielding hiaher rechanical-efficiéncy.r Also
from Figure 11, it can be seen that the work ioad combination 50/30
results in lease variat:en in 8' amon all the work load cmbinauons. |
. This low build up was found even in tie case of the subject y‘ha was
~working under 50/30, 15/5 and 3 hour tests:uhé, fouﬂd.that he could
not continue after i#ﬁ winu&es. The 8* value for this test wasv only

-4, 48 per cent. As opposed tb this. the subject under 50/?0 1575 and

| A_'3 hour tests. who aiso had to quit afrer 140 minutes, oxoenenced a

- buile up of 11.28 per cent per hour. This suagests that the lower work
load of 30 per cent is better than 20 por cant since it results %n a

¢8  w e valde even when tho subject is stressad to the limit.

However, leoking at the combinations 70/20 and 70/30 under 15/5

time sc&dul‘e one gets -'a‘ different picture. Both the subjects auit
after 120 minutes. The 70/30 subject experienced a build up of 14,27

' per cent per hour as opposed to 6.47 per. cent by the 70720 subject.
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But again qoing back to Table ©, it can be seen that the 70/30 subject
was walking at a speed of 4 mph whiie a1l the others were valking at

3 mph to attain a 30 per cent work lo.d. Also at 10/5 and 5/10 time
schedules, the 8' factors were smaller vhen the lower work load was

30 per cent than vhen it was 20 per cent, irresnective of the higher
load. At 5/15 schedule such an effect is not seen. This may be be-
cause it is such a light schedule that a physiological stress high
enough to bring about that effect is not encountered. On the vhole,

it may be possible that the speed of walkina has certain effects on

the build up in oxygen uptake in addition to the work load as such,

Effect of Time Schedule

The time schedules also had a sinificant effect on the build up
of oxygen uptake. The relationship b-tween the average 8' values and
the time schedules is shown in Figure 12. As is rea< nable to exnect
the time schedules 5/15, 5/10, 10/5 and 15/5 result in increasing 8'
factors in that order. Figure 13 shows these build up factors against
time schedules and according to the work 1oad combinations, It can be
observed that at the moderate time schedules of 5/1G and 10/5, the
8' tactors for 70/20 and 50/20 are hicher than those of 70/30. Also
for any given work load combination the build up in oxvgen uptake is
larger as the time schedule becomes harder. Thé only exception is at
70/20 work load combination at 15/5 time schedule. The average 8'
value during these tests was less than that during 70/20, 10/5 tests.

The reason for this effect is not known.

ramw




8' (% of 0, uptake during I cycle)

12

10

Fig.

5/15 5/10 10/5 15/5
Time schedule

12.--8' vs. time schedule

86




......

8¢ (% of 0, uptake during I cycle)

5/15 5/10 10/5 15/5
Time schedule

Fig, 13.--6' vs, time schedule, according to work load combination




Effect of Tim~ Duration

The time duration spent on the task docs not seem to have a very
significant effect in the cases tested in this research. Soecifically,
whether it is a 2 hour test or 3 hour test, the oxygen uptake build up
per hour seems to be almost the same. However, the high F ratio of
3.704 (Table 10) warrants further study in this direction. This ratio
makes the factor of time duration significant at 0.10 level. Also
.physiologically it is possible that the linear increase in oxvaen un-
take may change. As far as the present study is concerned, this change
did not seem to have occurred. It could very well happen that such a
change from linear increase may be observed if the work is prolonged more
than 3 hours. Of course, it will be necessary to work at a hicher work

profile if it is to be prolonged longer.

Effects of Individual Subjects

Based on the analysis of variance the individual subjects had na -

effect on the amount of build up in oxygen uptake. This does not mean

that the factor 8' is independent of the individual. On the contrary,
i¢ 15 very much dependent on the individual. This {s not brought- out

in this exparimentation because the subjects involved were wore or less
identical in their physical working capacity, They were all chosen to
represent the normal worker as close as possible, The 8 subjects chosen
specifically for this experimentation had an average maximum serabie
capacity of 46.35 ml/kg/min (standard deviation = 4,77). If individuals
of widely difforent physical working capacities were used, the inter-

individual differences would have been brought cut.
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A Regression Model for A’

The 8' factors determined from this research would apply only
to a few of the large number of work nrofiles possible in nractical
situations. It then becomes necessary that in order to predict the 8'

factors for new work profile situations, some technicue must be de-

. 5
L -

veloped employing the information from the presently available data
For this reason a regression model was developed.

In developing this regression model, in addition to the infor-
mation obtained from the experiments conducted specifically for this
purpose, data from the studies of Ayoub, et. al. {1972) and also from
some unpublished studies from the experiments conducted in the labora-
tories of the Industrial Engineering Department of Texas Tech University

| ol _ : vere also utilized. Table 11 shows the additional data used.

TABLE 11
8' VALUES FROM OTHER SOURCES USED IN THE PRESENT RESEARCH

Hork Load Time Test  ‘lumher @'

Combination Schedule Duration of Value Source
. Tests
" 80/20 10/10 2 hrs. 10 6.84  Ayoub, et. al.,
. : 1972
40720 10710 3 hrs, 10 2.73 "
40720 1678 2 hrs. 1 4.10 "
40/20 15/5 3 hrs. 10 5.66 "
40/25 1545 3 hrs. ] 5.66 Unpublished

! 40/25 1579 3 brs. 1 4.10 "
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For any given individuals, the huild up factor 8' can reasonably
be assumed to be a function of the work profile conditions.

i.e.
g' = f(tH, t . Hys L]) . (3.11)

A multiple regression model buiit “row the data available and including

the above factors resulted in the following model.

8' = 0.166 (Higher load per cent) - 0.30227 (Lower
Toad per cent) + ©,231i2 (High time-min) -
0.18493 (Low time-min) . (3.12)

The above niodel certainly will not yicld reasonable results for all
cases. For some work profile conditions, it will yield a neaative @'
factor which is not reasonable. Further while the negative coefficient
for low time can be explained by reasoning that longer times at lower
levels would result in lesser build up the same cannot be said about
the negative coefficient for lower work load. The negative coefficient
for lower load occurs because it was iound that the 20 per cent work
load at low level resulted in lesser vuild up than the 20 per cent work
load at low level. It is uncertain whether it can be extended to otner
lower work loads as weil, It is questionable whether a Yower work load
of 40 per cent would result in lesser build up than 30 per cent. Also
it is not certain whether this pehnomenon of 39 per cent lower work
load being better than 20 per cent is peculiar to walking situations
only or vhether it will be the same for other work situations, like

maweriai handling, ticyciing and cranking, as well., Thereforc, it was
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thought that the model selected shoul.- be more aeneral in nature so

that a universal applicability be insured, A number of different com-
binations of the relevant factors werc used. By trail and error, it
”'f;g was found that a model containing onlv the following two factors yielded
: r the satisfactory results.
s 1. The total oxygen uptake at high level in one cycle, i.e.,
the product, tH X H] X Aero! ic capacity.
2. The total oxygen uptake at “ow level in one cycle, i.e,,
the product, tL X L1 X Aerol ic capacity.
Both the above factors vere expressed in units of militers ver
kilogram body weight.
Such a model built on the precertly available data is given

. below:

8' = Aerobic capacity (0.1301 x by x Hy + 0.1205
Xt X Ll) . 3.13)

The results of the analysis of .ariance conducted for the above
regression model is presented in Table 12, It shows a highly signifi-
:' cant regression. Further the multiple correlation coefficient about
i "_ the origin was 0.9103 and the standar¢ error ot ~stimate of 8' factor
was 2.9192,
_ °3§- The only objection to this model is that it does not consider the
rate of energy expenditure as a factor. It is quite possible that the
rate of energy expenditure has some effect on the build up in oxyagen
uptake. However, this had .o be sacrificed so that the model would not

give unreasonable negative values for 8' for some work profile conditions.
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TABLE 1.

ANOVA TARLE FOR THE REGRESSION MDLL FOR 8°

Source D.F. 5.5, M.S. f-Ratio
Regression 2 1484.41 742.207 87.093
Residual 36 306.79 8.522

The velocity constants kr and kf were computed usina the equations
(3.5) and (3.10) menticned earlier. The Y] and Y, values to be used
in these equations were computed as the averaqe of the values deter-
mined from two different cycles, one at the beainning of the test and
the other at the end of the test. The resulting values of kr and kf
are presented in Tables 13A and 13B. These values do not differ very
much among the subjects, the work combinations, or the time schedules.
The results of analysis variance conducted on these velocity constants
are shown in Tables i4A and 148, For the purpose of analyzing the
variance, the k, and ke values for 2 hour and 3 hour tests were pooled
together.

The values of velocity constants obtained in this research are
very much comparable with those reported by other investigators. Hill,
Long and Lupton (1923) found the kf value in their study to vary from
1.1 to 1.73. Henry and Demoor (1950) report that for a 2 term expo-
rential formula for recovery after bicycle work of 690 ka/min the kf

values were on the average 1.059 and 0.125, while the same for 920

kg/min work were 1 107 and 0.144, The half time constants of 30 seconds




VALUES OF VELOCITY CONSTANTS, b AND K

TABLE 13A

£ IR 2 HOUR TESTS

a3

Work Load Combination

Time Schedule

r f

50/20 5/15 1.56 1.35
5/10 1.25 1.40

10/5 1.47 1.19

15/5 1.69 1.27

50/30 5/15 1.28 R}
5/10 1.51 1.58

10/5 1.66 1.32

15/5 1.23 1.41

70/20 5115 1.19 1.6)
5/10 1.70 1.19

R 1.48 1.37

15/5 1,47 . 1.8

70/30 515 1.26 1.52
SN0 .37 1.43

075 1.51 1.16

15/5 1.29

1.63




TABLE 3B
VALUES OF VELOCITY CONSTANTS, k. AlD kf FOR 3 HOUR TESTS

4

Wor ‘'oad Combination Time Schedule kr kf
50720 5/15 1.37 1.28
5/10 1.72 1.32

10/5 1.45 1.60

15/5 1.33 1.45

50730 5/15 1.26 1.70
510 1.33 1.35

10/5 1.26 1.56

15/5 1.53 1.1

70720 518 1.67 1.21
5/10 1.6 1.38

10/5 1.52 1.30

TS I T XV

70730 | sNs 1,52 1.39
osne | 1.60 1.24

W0/5 1.19 1.48

¥5/5 1. 1.29
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TABLE 1A

ANOVA TASLE FC kr VALUE

—

Source D.F. S.S. ".S. f-Ratio
Work Load Combination 3 ~,049 0.016 n.205
Time Schedule 3 *,779 0.0M0 7.119
Subject 3 ".Nn35 o.Mm:2 n.146
Residual 13 n.025 n.nn2
TABLE 14 B

ANOVA  TABLE FOR k. VALUE

Source ~ D.F. s.S. u.s, f-Ratio
Work Load Combination 3 Cn.022 0,007 KR
Time Schedule '- 3 0.054 0.M8 n.217
subject 3 n.027 0.009 0.138

Residual o’ 0.042 0.903

- as reported by Cerg (1947), Marparia, et. al. (1965), Cerrotelli, et.
“al. (1966) correspond to a velocity constant value of 1.39. thipp
(1971) found that for light (309 ka/rin) and woderate (450 ko/uin)
works the kr values were 1.35 with nc sionificant difference between

the two work lcads. But Davies, et. oi. (i972) report that these

values differ significantly whtn 3 light work was used instead of
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complete rest.  They found that aoine from light to heavy work the
half time constant was about 20 secon's corresponding to a Lr value
of 2.1 and that going from heavy work to light vork the half time
censtant was about 40 seconds correspending to a kf value of 0,45,

The present study was not show any sucy tendency for the velocity con-
stants to differ. The average values obtained in this study were kr =

1.431 and ke = 1.357.

Rectal Tempera:ure Effects

The maximum increase in rectal *amperature in each tes. was
determined from the recordings. Table 15 shows these values, Mo
recording was available in the casc of the 50/20, 10/5 test for 3
hours duration. The rectal thomwometer in this particular subject
was constantly slipping. For the subsequent tests for the same sub-
Jjoct, a new type of the}mnmeter probe ¥ith a bent end was used to
prevent slipping thle walking, |

An amdlysis of variancé was performed‘on the rectal temperature
increments and the vesults are prosented in Table 16, The analvsis
of variance showed no significant effoct of either the work load com-
binations or time schedules.

The ccmmnnly-accapted theory is that durina orplonged constant
work load situations, the body temporature starts to rise a few minutes
after the onset of work aud continuos to rise until a new eauflibrium
is reached. The resultant increase in temperature is nroportional to
the motabolic rate. {lLind, 1963; Hielson, 1966; Asirand 2nd Rodahl,
1970). However, for an intermittent work (30 seconds work, 30 seconds
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2 Hour Test

3 Hour Test

Work Load Time : S 5
Combination Schedule Subject ATrec C Subject pTrec C
50/2¢ 5735 T.7. 0.45 r.L. 1.35
5/10 R.F. 0.85 M.H. 0.8%
10/5 R.K. 1.60 L.H NA
15/5 L.M. 0.85 rF n.8n
50750 5/15 R.F, 1.00 H.H. 1.00
5110 R.K, n.85 LI, n.75
10/5 L.M. 1.20 B.F. 1.20
15/5 T.T. 1.30 R.L. 1.30
70/20 5/15 R.K. 1.00 L.N. 1.00
5/10 L.M, 0.90 R.F. 1.08
10/5 T.T. 0.75 R.L. 1.25
15/5 R.F. 1.60 A H., 1.35
70/30 5/15 L.M. 1.20 B.F, 1.15
5/10 T.T. 1.0% R.L. 1.00
10/5 R.F. 0.90 M.H, 1,10
15/5 R.K, 1.35 L.N. 1.55

N
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TAGLE 15
AIOVA TABLE FOR THE TMCREASE IM RECTAL TEMPLRATUPRE
{AVERAGE FOR 2 HOUR AN 3 HOUR TESTS)

Source D.F. S.S. M.S. f-Ratio
Work Load Combination 3 0.035 0.512 0.154
Time Schedule 3 0.272 0.09 1.203
Subject 3 0,081 0.027 N.358

Residual 6 0.453 n,.n75

rest) of about 60 per cent of maximal aerobic capacity, £kblom, et.
al. (1971) found that the increaéé in rectal temperature was about

21 per cent higher than that during cratinuous work load. They sus-
pected that the higher rectal témpera:ure was due to reduced circula-
tory efficiency resulting in decrease’ evaporative loss in the case of
intermittent work,

In the present research the increase in temperature does not seem
to follow any particular pattern., This is evident from Fiqures 14 and
15. Huwever, it can be seen that the time schedule 5/10 seems to re-
sult in the least increase in rectal tcmperature for any work load com-
bination, even though there is no significant difference amorg the time
schedules. If this was really an effect of the time schedule, it meaus
that 10 minutes of low work is better *han 15 minutes of low work, when

all other conditions remain the same. Mo reasonable explanation can be

given for this effect at present.

P TR
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CHAPTER 1V
MODEL TESTING

The model is completed in all respects when the parameters 6,

~kr’ kf, tl’ and tz are known dirvectly or indirectly in terms of other

known parameters. No model, mathematical or otherwise, is of any
practical significance unless it can be said that it represents the
actual situation as far és"possible in the relevant aspects. The
models developed in this research werc tested for their accuracy in
predicting the endurance time by comparing with actual results from
experiments.,

These experiments were specifically desianed and conducted for
testing the models. The methods and experimental procedures for this
set of experiments were essentially the same as in the earlier experi-
ments. The variations in the design, methods and procedures are
mentioned below.

First of alf. it was decided to include some new werk load com=-
binations and time scheéules along w'th a few of those used in para~
meter determination. The following lovels of these factors were chosen.
Work Load Combinations:

1. 70 per cent of maximum and 20 per cent of maximum

2. 50 par cent of maximum and 30 per cent of maximum

3. 60 per cent of maximum and 40 per cent of maximum

101
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The first two levels in this factor were already emploved in
earlier experiments. The 60/40 work lnad combination was a new level,
Time Schedules:
1. 15 minutes at high level and 5 minutes at low level
2. 10 minutes at high level and 5 minutes at low level
3. 10 minutes at high level and 10 minutes at low level
4, 5 minutes at high level and 5 minutes at low level
In this case alsc the first two time schedules were employed -
. b in the earlier experiments. The last two were new schedules.
p It was also decided not to use ny of the subjects who were in-
votved in the earlier experiments, bul to get new individuals as sub-
Jjects for this experimental series. . urther one subject was to be
used in only one test. This meant that for the various combinations
of work load and time schedules, 12 different new individuals were to
be used as subjects. However, the subjects chosen in this case were
m&@,: . : of varying aerobic capacities insteéd of uniform capacity to represent
,? the normal worker, The relevant details of the subjects are presented
B inTablen. | |
' The maximum aerabic capacity tos.s, the trial tests to determine
the treadmill setting, etc., were carried out exéctly in the same way
as in the earlier experiments. Dut in the actual testing, the subject
was informed to walk on the treadmill as long as he can. He coud
stop at any time whenever he felt that he was tired and wanted to rest.
The length of time the subject walked before stonping waz taken to in-
dicate the endurance time limit of that individual under the particular

- work profile conditions.
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TABLE 17
DETAILS OF SUBJECTS FO MODEL TESTING

Subject Age ‘Weight Maximum Aerobic Capacity

kg ml/ka/min.
e.T. 2 36.5 42.55
J.H, 2 s %6.82
wh. 23 9.5 37.46
18, 2 83.3 3.82
LR 24 105.0 31.60
T.0. 22 81,0 42.32
1. 22 & 38.10
T.M, 22 94 4.08
K.C. 23 69.1 . 32.30
MM, 2. 04 - 41,20
06 . 22 .5 38.16

MO 22 848 36,90

ATl the subjects used in this sét.qf experiments were volunteers
except the subject J.S. who wis paid at tfzé rate of $1.75 per hour.
The other subjects were students in P.E. §31 and participation in this
ekperimentation was roquived ¢f them, Yhey were informed of the im-
portance of exarting thefr best effort. The results of the tests are
presented in Table 18 '- Yuese are the astual endurance time limits as
det . ‘ned by how long the subjects weve able to walk before wantino
to ¢ wop. | | |

L
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Work Load Time Actual

Subject Combinations Schedule Endurance Time
Minutes
c.T. 70/20 15/5 an

J.H. 60/40 15/5 100 .
.D. 50/30 15/5 176
J.S. 70/20 10/10 132
J.R. 60/40 19/10 20
T.0. 50/30 19/10 155
T.C. 70/20 10/5 120
T.HK, 60740 13/5 105
K.C. 50730 10/5 120
MW, - 70/20 5/5 160
0.G. 60/40 5/5 120
M.C. 50/30 675 140

The predicted endurance time limit computed frowAthe models was

arrived at according to the following procedura.

1. Calculate the expected build up in oxyaen untake per hour

~ for a nomal vorker, i.e., ¢' factor for the given work

profile conditions using equation (3.13).
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Determine the 8 factor by dividing 6' by the number of
cycles per hour. “he time schedules used in this re-
search were such that there will be an inteqer number of
cycles per hour. In cases :here this is not the situation,
the nearest integer number ~ay he chosen.
Cotermine the time constants t! and t2 for the aiven
work load combination and u:ing the values kr = 1,431
and ke = 1,357, Also use tice criterion that a difference
of 25 ml of oxygen uptake from the expected steady state
is the required condition for determining the time
constants.
Compute the areas under the :urves in Figure 3 as per

equation (2.6), using the work profile conditions, the

velority constants and the time constants for the first

cycle,

Determine the equivalent energy rate as per eguation
(2.10).

For the equivalent encrqy rate determined in step 5, com-
pute the endurance time limit from the PWC model. .

Compare this endurance time 1imit against the elapsed time,
i.c., the product of cycle time and number of cycles.

If endurance time is greater than the elapsed time by at
least one cycle time, repeat steps 4 through 7 for one more
cycle. If not, use the endurance time determined in step 6
as the endurance time limit for the normal subject for the

given work profile conditions.
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9. Make corrections for the acrobic capacity and aae of the
individual depending on how much these differ from the
aerobic capacity and age of the normal worker. For dif-
ferences in aerobic capacits multiply the endurance time
limit of the normal worker iy a factor E%-where a repre-
sents the aerébic capacity of the individual, For dif-
ferences in age use multiplying factor from Table 3.

The endurance time limit as obtained from the above computations
is the predicted time. Such predicted times for each of the 12 work
profile conditions with the correspondinag subjects, maximum aerobic
capacity and age were determined. The computer program given in the
Appendix was used for this purpose.

The predicted time and actual t'me along with the error in each
case is given in Table 19. The errors were calculated according to
the formula,

Predicted Time - Actual Time

fractional Error = TetoaT Tine

x 160,

The minimum error was 0,10 per cent feor 60/40, 15/5 test and the
maximum error was 31.25 per cent. Thr mean error vas 14,38 per cent
with a standard deviation of 9.88 per cent. It can also be noted that
the error is always negative suggesting that the predicted time is al-
ways less than the actual time. 1In other words the models always under
predict the endurance time limit. Ficure 15 shows the predicted values
against the actual values. A regression line of the form, Predicted
Time = By + By x (Actual Time) vas fitted to these points. The values
of the coefficients were found to be,

R
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TACLE 9

COHMPARISON NF ACTUAL TIME MITH PREPICTED TIMC (CORRECTCD
FOR ACROBIC CAPAC'TY DIFFERENCES) '

Work Load Time Pradicted Actual Time Fractional
Combination Schedule Time Hinutes Error
Minutes
70/20 17 73.2 90 -18.67
60/40 15/5 99.9 100 - 0.10
50/30 15/5 061 106 - 1.81
70/20 10/10 109.5 132 SN
60/40 10/10 8.0 9 .78
50/30 10110 146,00 156 - - 5.8)
70/20 o0/ g5 3.2
6/ /5 9.6 105 - 7.05
50/ . 10/5 938 0 w2180
/20 55 2.6 160 -24.75
60 S5 %8 100 -2
L5030 55 1. o 386
By v VL0687
31' v . 0,7087

and the correlation coefficient -0.82’53.

- The régressian line and 95 per ceat confidence interval lines
are also shown Vs Figure 16. In an Vdeal case the predicted tire
shiould have becn equal to the actual time in every case and all the
points should have been on the broken line shown in the figure.
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Fig. 16.--Predicted time (cor'r«:cted) vs. actual time
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As the errors were always negative, it was thoucht that the
corrcction factor for the maxirmum aersbic capacity differences nos-
sibly had too much cffect. Thereforc. the predicted time for the nor-
mal subject (not corrected for the aerobir capacity differences) was 7
compared with the actual time. Table 20 presents these comnarisons

along with the errors for each test. The minimum error was .15 per

| TABLE :0
CONPARISON OF ACTUAL TIVE HITH T"EDICTED TIMF (M0T COPRECTED)

- Hork Load Time Predicted Actual Time Fractional

~ Combination  Schedule Time Minutes Error
Hinutes . :

R T B 1Y 77.36 90,0 -18.04
60/40 15/5  96.04 - 100.0 . 3.5
50430 1545 125,10 106.0 18,02

200 1080 133,80 1320 136

6040 /0 NBSE 90,0 3167

50/ W00 18523 . 155.0 Canae
| N w2 WS .50 Mo -7
% . O o 075 960 0 ERY
; 50/30 /5 130.76 120.0 +35.92
- 70/20 5/5 1375 160.0 7.6
60/0 S5 . 100.40 1290 -89

50/30 . 845 153.68 140.0 o
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cent and the maximum error was 31.67 -2r cent. The mcan error was
11.52 per cent with a standard deviation of 3.0 per cent. Fiqure 17
shows this comparison in a qraphical ‘orm alcna with the regression
line, the confidence intervals and thr ideal linef The reqression

line in this case had the following ceafficients:

#

By 26.7829

& 0.7689

4

1
Correlation Coefficie t = 0,7478,
From this it is difficult to sa: whether there was any over
correction for the aerobic capacity ditferences,
Further among the 12 subjects,‘t#ore were - individuals with
pore o less the same aérobic capacity {45 ml/ka/min) as the normal
worker. Table 21 presents the predicted and actual times for these

five subjects. It may he noted that amw the error is such reduced.

" In this case uhe vaviation in error is from 3 low of .15 ver cont %o
‘a high of 17,66 per cent. The msan'erra?»is found to be 8.19 per |

‘cent and the ytandard deviation 14.00 ner cent. Further all except |

one have ncgative error.

In gpneral. the predicted times are found a little leés than tho

actual time. This might be due to the competitive spirit that existed

awong the subjocts. iHost of the subjosts were students in @ particu-
1ar class and cach one wanted to equal if not exceed the other, At
any vute a reasonable under prediction is better than an ovir ore- .

diction. This is especially true 1§ the industrial world has to Le
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convinced of the usefulness of any techninue, since the factor "safety

margin® is a necessity in most practical situatiens.

TABLE 1

COMPARISOR OF ACTUAL TINE WITH PREDICTED TIME FOR THE
5 SUBJECTS RESEMBLING T:!i HORMAL HORKER

Maximum Predicted Actual Fractional
Aerobic Work Load Tim> Time Time Ervor
Capacity Combiration &Sthed'ile Minutes Hinutes
ml/kg/min

Subject

42.%" 70/20 15/, 77.36
46.82 60/40 15/5 96.04
44,08 60/40 10/¢ 99.60
42.32 50/30 10/19  155.23
41.20 70/20 5/5 131.75




CHAPTER V
CONCLUSIUNS

The present research was an attenmot to develop a mathematical
technique which could be used in indusirial and other fields to pre-

dict the endurance time limit for individuals working on physical

tasks of alternating nature. The results of this investigation lead

to the following conclusions:
].

During prolonged muscular work of alternatiny nature, the

oxygen uptake increases gradually over time for the same rate of work

output. The reason for this build up in oxygen uptake is not known. It

is suspected that a deterioration in mechanical efficiency combined with
the possibility of more and more proporiion of fat being utilized as the

primary source of energy for muscular contraction, micht cause this
effect. ‘

20

This gradual build up in oxygen uptake is linear over the time
durations tested.

3. Among the work combinatfons tested, the combination 50/3G (ex-

pressed as percentage of the maximum aerobic capacity), resulted in the

least build up per hour. This effect, is is suspected, may wholely or

partly be due to the walking speeds employed,

4. The time schedules tested alsc inf”  .ed the build up in
oxygen uptake.

Among the time schedules, the build up in oxygen uptake
was increasing in the order 5/15, 5/10, 10/5 and 15/5.

13
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5. Individuals of about the sam¢ aerobic capacity as the normal
worker experience a similar amount of Luild up when the work profile
conditions are the same.

6. The oxygen uptake response frllowing a sudden change in work
load can be represented by an exponential formula. Individuals of similar
work capacity have more or less simila: oxygen uptake response,

7. The velocity constants for t'e above mentioned exponential
formulae were found to be independent «f the work load combinations or
time schedules. The average value of the velocity constant for rise
in work load was found te be 1.431 and the same for a fall in work load
was 1,357 for the subjects tested.

8. In the cases tested the incrcase in rectal temperature did not
show any particular pattern. However, the time schedule of 5/10 resulted
in the least increase in rectal temperature under all the four work load
combinations.

9. The endurance time limit for an individual performing any
alternating work load can reasonably te predicted by the ETL model in
conjunction with the EER model as deveioped in the present research,

10, In order to maximize the total work done, the normal worker
will have to maintain an equivalent energy rate of 0.13022 kcal/kgm/min
(about 65 per cent) and will be able to endure this work for at least
90 minutes.

In general the phenomenon of oxyasen uptake build up over time
under alternating muscular work load situations is established, However,
the factors causing this are not determined yet. There are also numerous

other interesting questions raised as a result of this and other similar
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investigations. These are outlined in the following section as

suggestions for future research,

Suggestions for Future Research:

The present investigation opens up a number of other interesting
possible studies in the general areas of work physiologv and industrial
work design.

Fio-st of all, the factors responsible for the observed build up in
oxygen uptake are not yet known, It would be desirable to know the exact
reasons So that the build up can be maintained at a low level. 1If it was
due to more and more of fat being utilized for energy supply, the
respiratory quotient (R.Q.) should have a simultaneous decrease. Deter-
mination of R.Q. combined preferably with muscle biopsy tests for glycoaen
content of working muscles at frequent intervals would be necessary to
determine the change in the primary source of energy.

The increase in oxygen uptake under different en: !ronmental
temperatures is also worth investigating, It is ussible that under
elevated temperatures, this build up in oxygen uptake may not be the same
since the cardiovascular system would be stressed much more., This may
impose a limitation on the oxygen supply to the working muscles.  As a
result early fatigue might set in, |

For the work durations employed in the present study, the oxygen
uptake has been found to increase in a linear fashion. If the work
durations were further prolonged, this may or may not be the case.

The effect of least oxygen build up at 50/30 work load combination

among those tested is another interesting aspect. At present it is not
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known whether it is really due to work load combination or due to the
effect of walking speeds. This question certainly deserves further
investigation, If it was really dvZ to work load combinations, the

B physiological reasons for such an effect will have to be found out.

Similarly, the least increase ir rectal temperature during 5/10‘
time schedule is a phenomenon which merits further work in that
direction.

The velocity constants have beer found to be independent of work
load combinations and time schedules. However, the effect of dif-
ferences in work capacity on these constants are not known yet. It is
guessed that a decrease in work capacity would decrecse the value of
these constants. |

Further, the effects of differences in aerobhic capacity and age
on the endurance time limit under alternating work load situations re-
quire more investigations.  The oreseitly used factos are derived from
experimental investigations as well as experience of some authors under
constant work load sitqations only. | A |

Finally, the optimum ~ergy expenditure raté for maximum wviork
done also has to be experimentally proved. If such an optimum raie

| really exists, then this expenditure rate can be arrived at with a
number of different work_profilesunder alternating work load situations.
The relationship between this optimum rate (about 65 per uent of max imum. |
capacity) and'the.work io;d ;ombination-50/30 which résuited iﬁ least‘ |
build up 1n oxygen uptake is also worth investigating.

To conclude, it is hoped that the development of scientific

techniques to predict endurance time iimit would attract much interest.




i B ’
] n
I among the industrial work designers and work physiologists. It is also
‘ ‘ | hoped that in future more and more attempts will be made in this
' direction under a wide variety of environmental and task conditions.
.
. 3
-
;
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APPENDIX A

CONPUTER PROSRAN DOUAENTATION




TH,TL,HT,RLY BEFINC WORKE PROVILL
READ(5,50) TH,TL,H1,RLY ,AERCAP NETGHT, IAGT
FORMAT(2F4.1,2X,2F7.5,3X,F6.,2X ,F6.2,3X,12)
NPERHR = 60.0/(TH+TL)
THETFN = ((0.01901*TH*11) + {0.01205*TL*RLY) )*(1000./4.85)
THETA = THEVFN/ (NPCRHR*100.0)
RKR = 1.43
RKF = 1.357
CYCTII = TH+TL
C COMPUTE THE TIMES FOR STEADY STATES AFTER A CHANGE IN YORK LOAD
ST1 = {ALOG('.025*4.35§/§ WETSHT ) » Hl-RLl)g))/(-RKR)
ST2 = ALOG(z.ozs*a.as FOCHEIGHT )* (H1-RL1)) ) )/ (-RKF)
NRITE(G.S])TH,TL,H].RLi,NEIGFT,AERCAP.IAGE,NPERHR.THETA.
THETFN,ST1,5T2
FORMAT(THY, 5K, 10HNT TIME = .F4.1,01X,)0KLOTIME = JFA.Y,
//,16X, YORHI HORK = ,F7.5,81,10hL0 HORK = JF7.5,/7,17%,
SHWEIGHT = ,F6.2,3X,16HAERO CAPACITY = ,F6.2,
//,20K ,6HAGE = 512,10X,13HCYCLES/HR. = 13,
/1, 10X BUTHETA = F6.4,5X, VAHTHETA PRINE = F6.3,
/£,80K,5HT1 - |F6.3,16X,54T2 - ,F6.3) '
WRITE (6,52) '
FORMAT(1HD, /747, 15X ,6HCYCLE ,3X, YOHENERGY +1OHE DOT
42K, JGHENDURANCE TIME) ' Ny
- CONPUTE EDOT ‘THE EQUIVALENT CHERGY EXPENDITURE PATC
OENCVC = Os o . i '
ENEYC = 0.
HE « W)
R = RLY
00 100 Het,l00
. HI=HI+{t=1}*H1*{THETA)
RLI= " Te{R-1)*RL1*(THETA)
- YF{S\..GE.TH) GO TO 501 -
T1e$7 ‘ i
- A2=(HI-RLI)*{TH-TY)
© 60 10 509 :
Tl A
Ad=D.0 - . *
Al = (HI-RLI *Tl*((§§~QL!)IRRR}'(S&P(~RKR‘TI)a!.0)
- IF(STZ.GE.TL) GO YO s1V .
- Y228Y2 o - e
. G0 70 5312
T2=71L A o
A3 = ((uax-m.x}/w)m.o-,exp(em'ra))
A3=RLI*{THeTL ' L
ENCYC=Al+R29A3000 '
CERCYCoOERCYCHENCYC
CUTIN = ye{THeTL)
EDOT=OENCYC/CUTII!
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¢ CONPUTE ENDURANCE TI'E LIIT FOR THE EPOT. CHECK YWITH CUMULATIVE

TIME ON THE JOB
ENDTL=10**((.26144-E0(T)/.0712)
WRITE (6,53)N,CNCYC, EDOT,ENOTL

53 FORMAT{1H0,15X,13,5X ,F5.3,4X ,F7.5,9% ,F7.2)
DIFTIM = ENDTL-CUTIM
IF(DIFTIM.LT.CYCTIN) GO TO 2.0

100 CONTINUE

<00 LIM=N
AENDTL = ENDTL*(AERCAP/45.)
DIMENSION F(55)
OATA F/15%0.0..*1.,025,5*1.0,5*,965,5*.885,5*.840.

1 5*.005,5*.780/

RESULT = AENDTL*F(IAGE)

WRITE{6,55)RESULT

5% : FOR??T(]HC./f,ZOX.33HEnUURAHCE TINE LIMIT (MINUTES) = ,
F6. ’ : :

W CONTINUE
CALL EXIT

END




PROGRAM FLOW CHART

( Start i:)

—

\\\ Read Paramnters;;7

Compute THETA, CYCTIM,
ST, and ST2

QENCYC
ENCYC

Compute HI, RLI
11 and T2

N




N

Compute A2, Al, “3 and A4

ENCYC = A1 + A2 + A3 + A4

OERCYC = OENCYC + ENCYC

CUTIM = N*(Tk + TL)

—

Compute EDOT and ENDTL

Print table of
N, ENCYC, EDOT and ENDTL

@




DIFTIM = ENDTL - CUTIM

DIFTIM. LT, CYCTIM

VES

Compute AENDTL and RESULT

\Print RESULﬂ
< Call EX!T )
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SAMPLE QUTPUT

HI TIME = 15.0 LO TIME = 5.0
HI WORK = 0.14277 LO WORK = 0.04366
WEIGHT = 76.54 AERO CAPACITY = 42.55
AGE = 24 CYCLES/HR. = 3
THETA = 0.0298 THETA PRIME = 8.936
T1 = 2.892 T2 = 3.048
CYCLE  ENERGY EDOT ENDURANCE TIME
. 1 2.364 0.11818 © 102.83
- 2 2.434 0.11994 97.14
= 3 2.578 0.12287 88.35
. 4 2.786 0.12698 77.36

ENDURANCE TIME LIMIT (MINUTES) = 73.2

QT




APPENDIX L

BUILD UP FACTORS FOR HEART RATE, EXPRESSED
AS PERCENTAGE OF I CYCLE
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TABLE 22

6' VALUES FOR MFART RATE

Work load Combination  Time Schedule Buiid Up Factor, o'

2 Hr. Vest 3 Hr, Test

50/20 5/15 1.1 2.0

5/10
10/8

9.7

7.1
15/% 3.4 6.3

5/15 9.6 12.1
5/10 6.1 1.8
10/5
16/5

515 3.2

sne 87 1.1
wsoo a0 T
Cws o a7 ma
ok s w3 20
- o sme 100 s2
o 08 00

w5 6.6 7.6




50/20 5030 70/20  70/30
“tlort. load combination

B Fig. 18.--6y, vs. work load coubinat:on aééording'toAting schedule
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70/20
70/30

50730
50/20

SNS 50 /5155
" Time Schedule

- Fig, ‘9"'5;R vs. time séhedulejaccordingvgo work load codbinationv




