AD-759 962

PREDICTION OF ENDURANCE TIME LIMIT FOR
MUSCULAR WORK UNDER ALTERNATING WORK
LOAD CONDITIONS

Texas Technical University

Prepared for:

Army Human Engincering Laboratorics

May 1973

National Technical infermation Service
U. S. DEPARTMENT 0F CUIMERCE
5285 Port Royal Poad, Springfield Va. 22151




| PREDICTION OF ENDURAHCE TIME LIMIT FOR MUSCULAR YORK UMDER
ALTERNATING WORK LOAD CONHDITIONS

by
SUBRAMANIAM DEIVANAYAGAM, B.E., M.Sc.

A DISSERTATION
IN
~ INDUSTRIAL ENGINEERING
Submitted 1o the Graduate Faculty
of Texas Tech University in
Partial Fulfillment of
the Requirements for
the Degree of
VDOCTOR OF PHILOSOPHY o

~ Approved

)47»774 JW(/‘“""‘

Chairman of t?e Committee

éz,teﬂbsr’ 14525<f5;54th1§i;:5"

,4// LA

cepted

(‘//Dean of(:pp Graduiyb School

May, 1973

|




Unclassified
Security Classification

DOCUMENT CONTROL DATA - R & D j\'

(Security clazasilication of title, dody of abstract and indexing anriotation muat be entersd when the overall report i3 claseitied)
1. ORIGINATING ACTiVITY (Corporate author) 28, REPORT SECURITY CLASSIFICATION
. Center of Biotechnology and Human Performanceg Unclassified
Texas Tech University 25, GROUP
Lubbock, TX 79409 NA

3. REPORT TITLE

Prediction of Endurance Time Limit for Muscular Work Under Alternating
Work Load Conditions

4. DESCRIPTIVE NOTES (Type of réport and Incluaive dates)

8. AUTHOR(S) (Firat name, middle Initial, last name)

Subramaniam Deivanayagan

_ m? DATE 7a8. TOTAL NO. OF PAGKS 76, NO. OF REFS
142 56
8. CONTRACT OR GRANT NQ. : - 98 QRIGINATOR'S REPORT NUMBER(I)
DAAD05-69-C-0102 ‘
b, PROJECT NO. . . NA
1T014501B81A .

e Program Element 61102A TeB. TS REPORY NG (Any other numbers that may be assigned
¢ THEMIS Proposal No. 603 NA

10. DIsSTRI PQY!ON STATEMENT
Approved for public release; Distribution unlimited

[ SURPLEMCNTARY NOTES . ) i 12. SPONSORING MILITARY ACTIVITY
: U.S. Army Human Engineering Labs.
None : Aberdeen Proving Ground, MD 21005

- Endurance is defined as the ability to persist in an

activity or task. The time duration one can persist or sus-

tain on the task before fatigue makes him stop from continuing
further is referred to as the endurance time limit, Fatigue

“and endurance are closely related terms. Low endurance shows

up as early fatigue and longer endurance is obtained by reduc-
ing fatiguing conditions. Hence any attempt to study 'endurance"
should study "fatigue" as well. - - o :

- . [ ) “ARPLACED DD FORM 1478, | JAN 84, WHICH (¥
o DD + wov u'47 ) OBIBLETE POR ARuY uss. Lo

, S ___Unclassified .
Y T m"ﬂ_u‘:ls rTiml'l':umu_-




Unclassified
Security Classification

LINK A LINK B LINK C
KEY WORDS

ROLE W ROLE wT ROLE wT

Endurance
Fatigue
Performance
Capacity

Work load
Prolonge work
Tasks

Aerobic Capacity
Oxygen uptake
Heart rate
Physiological
Metabolism
Monitor

Unclassified
“Security Classificatlon” i




K

ACKNOWLEDGEMENTS

I would 1ike to place on record my sincere gratitude to Dr.
M. M. Ayoub, the chairman of my advisory committee, for his direction
and encouragement throughout the entire study. I alsc wish to express
my indebtedness to Dr. R. A. Dudek, Dr. C. L. Burford, Dr. J. D.
Ramsey, Dr. A, E. Coleman, and Dr, C, Halcomb for their helpful advice
and constructive criticism. Thanks also goes to Messers C, D, Mittan,
J. L. Gibbs and C. E. Hipp for their technical assistance in construction

and maintenance of the equipment.

This research was supporied by THEMIS Contract Humber DAADOS-69-
C0102 between the U. S. Department of Defense and Texas Tech University,
R. A. Dudek, Project Manager. The contents do not necessarily reflect
the official opinion or policy of the Oepartment of Defense or the
Department of the Army unless authorized in other government documents.
Reproduction is authorized for any purpose of the U, S. Government.
Distribution is unlimited.

iib




TABLE OF COHTENTS

Paae
. ACKNOWLEDGEMENTS . « « v « v . C e e e e e e e e e e e e ii
LIST OF TABLES ©+ o v v v ov v v e v v e v et P Y
LIST OF ILLUSTRATIONS 4 v v v v v v v v v v v e v o v v w v oo Vid
LoOINTRODUCTION « « v v v v v v e e et e v e ee e es 1
. Forms of Fatigue . .. ... . e e e e .. 2
Objective of the Present Research . . . . . ... ... 3
Review of Previous Research . . . . . . .. . . ... 4
II. DEVELOPMENT OF THE MODELS . . . « v v v v v e v v v v v v 12
Endurance Time Limit Hodel! . . . . .. .. .. .. 12
Muscular Energy and Oxygen Untake . . . . « . « . .. . 18

Response of Oxygen Uptake to Sudden Changes in
. Work Level « « v ¢ v v v v v i v e e v v e .. 20
Equivalent Energy Rate Model . . ... .. ... ... 25
Modifications for Workers Other Than Wormal lorkers . . 32
ITI. MODEL PARAMETERS « + v v v v v v o v s v s s s s s s s oW 35
Design of Experdments . . . . v ¢ ¢« v v ¢ v v v v w0 I
N Work Load Combination . . . .. ... ... .. ... . 38

Time ScheduleS & ¢ ¢« v ¢ v ¢ & v v v o s 0 v 0 o oo+ 39

Tilneouration..............‘...... 40

MethOds L] . L] . [ ] * . * . * * . . L4 L[] . . LY . » * * L] L] 42
Experimental Procedure . . . . . .. .0 v e v e .. 86
Computational Procedures . . . . ¢+ v v v v o oo+ 48

i




ReSUTES v v v v v v e e e e e s e e e e e e e e e e

Effect of Work Load Combinations
Effect of Time Schedules . . .
Effect of Time Duration . . . .
Effects of Individual Subjects

A Regression Mode! for ¢' . . .

Rectal Temperature Effects . . . .

IV. MODEL TESTING . . . ¢« .+ . . v ..
V. CONCLUSIOHS . . ¢ v ¢ v ¢ v v v
Suggestions for Future Research

LIST OF REFERENCES . . . . . . + « + . .
APPENDIX A v v v v v o v v e v v v 0 v
APPENDIX B v v v v v v v 0 e v v o v

ooooooooooo

ooooooooooo

31
85
88
83
89
96
101
113
115
118
122

19




LIST OF TABLES

Table Page
1. Maximum Performance Limits in Terms of Excess
Calories (Over Resting Rate) . . .. . . e e e e e 6
2, Maximum Allowable Load (40 Per Cent of Maximum VOZ)
for Prolonged Work with Arm and Bicycle
Ergometer from Age 20 - 70 . . . . . . e e e e e e 7

3. Correction Factors for Age Differences . . . ... .. .. 33
4A and 4B, Assignment of Subjects for Parameter

Determination Experiments. (A) 2 hour test -

(8) 3 hour test (Letters W1th1n the Cell

Refer to the Subject). . B Y

5. Details of the Subjects Involved in Parameter
Determination Expeviment . . . . . . . ., ., ¢ .. .. &3

6. Treadmill Settings for Subjects Used in Parameter
Experiments for Different Work Loads . . . . ... . .. 47

7A. Regression Line Data for 2 Hour Tests & v v v v v v v 0 0o 76
78. Regression Line Data for 3 Hour Tests . . . . . .+ .. .., 77
8. o Values for 2 Hour and I Hour Tests . . . . .. .. ... 79
9. o' Values for 2 Hour and 3 Hour Tests , . . . . ... ... 80
10, Anova Table for8'. . v . . v . v v i L., B
11, e’ Values from Other Sources Used in the Present Research . 89
12. Anova Table for the Regression Model for6' . . ., ... .. 92

13A. Values of Velocity Constants, k and k
fok 2 Hour Tests » [ ] L ) . L ] . [ ] [ ] . L L] * L] L 2 . L ] L] L 2 L 2 - 93

138. Values of Velocity Censtants, kr and ke, :
for I Hour Tests & v v ¢ v v i v et b e e e e e e, 94

14A. Anova Table for k. Value . . .. ............. 95




15,
16.

17.
18.
]9.

20.

21,

Anova Table for kf Value , . .

oooooo

[+
Increase in Rectal Temperature (ATrec YinC. ..
Anova Table for the increase in Rectal Temperature
(Average for 2 Hour and 3 Hour Tests) . . .

Details of Subjects for Model Testine

* + s & e e

Actual Endurance Time . . ¢« . ¢ ¢ v ¢ o v o ¢ v o
Comparison of Actual Time with Predicted Time
(Corrected for Aerobic Capacity Differences)

.

Comparison of Actual Time with Pradicli.d Time
(Not Corrected) . . . .

e & & & & @ s 23 ¢ v 4 @

Comparison of Actual Time with Pradicted Time
for the 5 Subjects Resembling the “lormal Worker

6' Values for Heart Rate + + v v v v o & ¢ & & o &

« & o =

97

98

. . 103
. 104

107

109

nz
130




LIST OF TLLUSTRATIONS

Figure Page
1. Endurance Time Limit (ETL) Model . . . . . . . R 1

2. Pesponse of Oxygen Uptake to Sudden Chanqes in
Physical Vork Load Levels . . . . . . .. ce e e e 2l

3. 02 Uptake Response for an Alterrating Vork
load Condition ., . . . ¢ ¢ . ¢ ¢ ¢t v ¢ v v e v v s . 20

4. Oxygen Uptake Durinq ith Cycle . + ¢ . ¢ v v it v i e o 29
5. General Protocol of the Alternatina York Load . . . . .. -49
0. Showing the Build Up in Oxygen “ptake . . . . . .. Y
JA.  Showing the 02 Uptake Values Usrd in kr Comnutation . . . &7
78. Showihg the 02 Uptake Values»Usvd in ke Computation . . . 57

BA. Showing the Criterion to Deterv:ne the Time
: Constant, t,. and the Possible Ervor . . . . . .. .. 959

§8. Showing the Criterion to Determine the Time 4 ,
‘ Constant, ty, and the Possibie Ervor ., . . . .. ., 59

9A. Regression Lines for 2 Hour Yests. Subject - T.T.
-Top: Work Load Combination - 50/20, Vime Schedule -
5/15. Bottom: ~ Mork Load Cerbination - 50/30, '
Tie Schedule - 155 ... . . . . v s v v v B0

95. Rogression Lines for 2 Hour Tests., Subisct - T.T.
“ Top: York Load Combination « 70/20, Time
- Schedule - 10/5. Bottom: ‘York Load Combination - ,
- 70/30, Yime Scheduie - 5290 . . . . . . . .. ... 6]

9c. Beyression Lines for 2 Hour Tests. Subject - R.F.
Ton: Yerk Load Combination - 50720, Time
Scredule - 5/10. Bottom: iork Load Conbimation -
50730, Time Schedule - 5/15 . . . . . . . . v .. .. B2

9D. Regression Lines for 2 Hour Tests. Subject - R.F.
Top: York Load Combimation - 70/20, Time
Schedule - 15/5. Botton: Vork vcad Combination -
70730, Time Schedule - 1045 . . . . . . . .. ..o .. 63

vii




Regression Lines for 2 Hour Tests. Subject - L.M.
Top: Work Load Combination - 50/20, Time Schedule -
10/5. Bottom: Work Load Combination - 50/30, Time
Scheaule - 5710 .

Regression Lines for 2 Hour Tests. Subject - L.M.
Top: Work Load Comhination - 70/20, Time Schedule -
5/15. Bottom: Uork Load Combination - 70/30, Time
Schedule < 15/5 & & v v v v v h s e e

Regression Lines for 2 Hour Tests. Subject - R.K.
Top: Uork Load Crahination - 50/20, Time Schedule -
15/5. Bottom: York Load Combination - 50/30, Time
Schedule = 10/5 « . ¢ o v 0 L 0 s e e e e e e e

Regression Lines for 2 lour Tests. Subject - R.K.
Top: Hork Load Combination - 70/20, Time Schedule -
5/10. DBottom: Work Load Combination - 70/30, Time
Schedule = 5/15 . . . . . .. ... e,

Regression Lines for 3 Hour Yests. Subject - R.L.
Top: MWork Load Combimation - 50/20, Time Schedule -
5/15. Pottom: Work Load Conbination - 50730, Time
SCh&dU‘Q - ]5/5 L S T S S T S SO

Regression Lines for 3 Hour Tests. Subject - R.L,
- Top: Work Load Combination - 70/20, Time Schedule -
1075, Bottom: Work Load Combinatfon - 70/30, Time
-SChGﬂUIQ - 5/]0 L R 2 T R O

Regression Lines for 3 Hour Tests. Subject « M.H.

- Top: Work Load Combination - 50/20, Time Schedule -
'5/10. UBottem: Nork Load Cesbination - 5%/30. Time
SCh‘QdUlQ*S/‘S;‘--,o....-......‘,.-.v

Regression Lines for 3 Mour Tests. Subject - .M. ,
Top: Work Load Combination - 70720, Yime Schedule -
15/5. Bottom: Work Lnad Coxbination - 70730, Time
Schedule - Y075 . . . . . . ... e e e

Regression Lines for 3 kour Tests. Subject - L.N.
Top: lork Load Corbination - S0/20, Time Schedule -
10/5. bottom: Work Load Combimation - 50730, Time
_SChedule - 5/‘0 ® * 4 e 2 ¥ e s s %o b e s B oe s e e




1X

Page
9. Regression Lines for 3 Hour Testu. Subject - L.H.
Top: Work Load Combination - 70/20, Time Schedule -
5/15. Bottom: Work Load Combination - 70/30, Time
Schedule - 15/5 . . . . . .. ... e e e e o e 73

90. Regression Lines for 3 Hour Tests. Subject - L.F.
Top: Work Load Combination - 50/20, Time Schedule -
15/5. Bottom: York Load Comhination - 50/30, Time
Schedule = 10/5 , &« & v ¢ ¢« ¢ ¢« 4 v b e e e 74

9P, Regression Lines for 3 Hour Tests. Subject - B.F.
Top: Work Load Combination - 70/20, Time Schedule -
5/10. Bottom: Work Load Combination - 70/30, Time
Schedule = 5700 & v v ¢ v v i i e e e e e e e e 75
10. o' Vs, Work Load Combimation . . . . . . . . 4 « ¢ ¢ ¢ v 82

11, o' Vs, Work Load Combination, According to Time
SChedUle....._.-.-....‘......'.... 84

12, o' Vs, Time Schedule . . . . . . . ;-.'. ..

13. @' Vs. Time Schedule, Actording to Work Load
Combination . . . . . . ¢ . oo v v e B

14, - Maximum Rise in Rectal Temperature ¥s. Hork Load o
Cw}binati 0“ » !‘ 1 ] » L] » 9 . L] L ] L] . L] L] [ 2 » - . . . [ 2 * 99

15, Haximum Rise in Rectal Temperature Vs, Time ‘
schedute tilbi-'cgo.oxIns-‘vQ'vucsto ‘00

16. Predicted Twe (Corrected) Vs. Actual Time . . . . . ... 108
17. Predicted Time (ﬂot Corracted) Vs. Actual Time , . . . .. 1

18. 6' Vs, Mork Load Combination According to Time _ :
SCh'Edlﬂe-.~..--.--'...........c-s 13‘

19. @' Vs. Time Schedule According to Work Lead -
wimtio" L] L] L] LIS L] . . - LA ] > @ * L] * * » L] . - + ‘32




¥

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




4
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
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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 en