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The special investigation on growth and development is a cooper
ative enterprise in which the departments of Animal Husbandry, Dairy 
Husbandry, Agricultural Chemistry, and Poultry Husbandry have each 
contributed a substantial part. The parts for the investigation in the 
beginning were inaugurated by a committee including A. C. Ragsdale, 
E. A. Trowbridge, H. L. Kempster, A. G. Hogan, F. B. Mumford. 
Samuel Brody served as Chairman of this committee and has been 
chiefly responsible for the execution of the plans, interpretation of re
sults and the preparation of the publications resulting from this en
terprise. 

The investigation has been made possible through a grant by the 
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ABSTRACT 

This bulletin is a continuation of Missouri Research Bulletins: 
209 on efficiency of horses; 220 on relation between live weights and 
basal metabolism; and 222, 238, and 239 on influence of body weight 
on energetic efficiency and monetary profit of dairy cattle. The es
sential contributions of this bulletin are contained in 8 conclusions : 
1. The maximum gross, or overall, energetic efficiency of muscular 
work is independent of body weight, since it is of the same order (about 
25%) in large horses (1500 pounds), small horses (600 pounds), and 
humans (150 pounds). This maximum efficiency is approached ex
ponentially with increasing work rate. 2. The ratio of maximum to 
minimum oxygen consumption appears to be of the same order, namely 
about120, in work-horse and man. Such a ratio would doubtless be of 
much interest in the case of race horses, since these animals are more 
nearly comparable to athletes, on whom the high ratios were obtained. 
3. The ratio of maximal energy expenditure (for a few seconds), in
cluding o:·<ygen debt, to basal metabolism is of the order of 100 in both 
man and work horse. 4. The ratio of energy expenditure during sus
tained heavy work , 8 !z.ours a day, as encountered in every day life, to 
basal metabolism is of the order of 8 in both man and work horse. 
5. It is concluded from 1 to 4 above, and from the fact that basal 
metabolism varies with the 0.73 power of body weight (see Res. Bu!. 
222), that the work-power capacity increases not directly with body 
weight, but with body weight raised to the 0.73 power. 6. Quanti
tative analyses are presented for the course of increase of energetic 
efficiency with increasing speed, load, and horse-power. Total energy 
costs increase practically linearly with load, speed and power, but' 
efficiency increases exponentially with increasing horse-power. The 
gross and net costs per unit work decline hyperbolically with increasing 
horse-power, approaching the absolute cost curve as asymptote (Note : 
Gross energy is total energy expense; net energy is total energy less 
expense of standing animal; absolute energy is total energy less expense 
of walking animal at the given speed without a load.) 7. A comparison 
is presented for the relative energetic efficiencies and monetary costs 
for performing unit mechanical work by horses and 12-H.P. farm 
tractors. 8. Alignment charts are presented for rapid computation 
of energetic costs, efficiencies, monetary profits and feed needs for 
muscular work of horses. 
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Comparison Between Efficiency of Horse, Man, and 
Motor, With Special Reference to Size and Mone
tary Economy. 

SAMUEL BRODY AND RICHARD C UNNINGHAM 

I. INTRODUCTION 

The Sense in Which an Animal is a Machine 

"We can form no coherent mechanistic conception of how it is 
that the intensely labile living structure tends to return always to 
normality, how the breaking down process is so coordinated that the 
building up process accompanies it. Maintenance of normality is a 
fact present in all physiological activity and can not be analyzed into 
separate physico-chemical processes."l 

The automatic compulsion for rest and recovery to normality2 from 
the wear and tear of activity and related processes lends plausibility 
to Haldane's conception. Nevertheless, the law of conservation of 
energy is applicable to animal systems as well as to machines. Indeed, 
some of the most fascinating problems in biology are concerned with 
comparisons of energetic efficiencies of machines and animal bodies 
as transformers of energy. In this sense animal bodies are truly ma
chines, which may be investigated by the ordinary methods of physics 
and chemistry. 

Recovery 
Little is known about the physiology of rest, sleep, and related 

recuperative processes. Most of what is known centers about the role 
of lactic acid in muscular exercise.3 

I. Quoted from John Scott H aldane, distinguished Oxford physiologist, design er of the H,ldane 
ga8~analysis apparatus, discovc:rer of the regulation of respiration rate by action of C02 on respi rat ion 
center, opponent of the mechanistic conception of life, proponent of the "idealistic concept ion of 
wholeness. " 

2. The phenomenon of recovering normality in the animal body may be expressed in the follow
ing, widely quoted, statement from Claude Bernard: "All the vital mechanisms, varied as they are. 
have only one object, that of preserving constant the con dit ions of life in the interna l environment." 
The self-regulating recovery principle holds of course not only for muscular exercise but also for other 
processes su ch as recovery from dise ase, mechanical and chemical injury, hunger (regulating body 
weight). See Lawrence ]. Henderson for the physico~chemical aspects of maintenance of "normality" 
and of adaptation . 

3. For the pioneering contribution of Fl etc her ,nd Hopkins see .T. Physio\., 35, 247, 1907; and 
Proc. Roy. Soc. B, 89, 444, 1917. The brilliant contributio ns of A. V. Hill and associa tes are described 
in Hill 's, "Muscular Activity," Baltimore 1926; and "Muscular M ovement in Man", New York. 
1927, to which we shall often refer in this bulletin. Meyerhof's book "Chemical Dynamics of Life ," 
Philadelphia, 1924, must also be mentioned. 

Paper 112 in the Herman Frasch Foundation Series 
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An unexpected fact about exercise is that the immediate energy 
for effort comes not from oxidation as in the case of a heat engine, but 
from a chemical reaction involving the transformation of glycogen 
to lactic acid without the immediate intervention oj ox~ygen, as indicated 
by the following equation.4 

discharge 

glycogen charge lactic acid 

About 350 calories are liberated by this anaerobic reaction (nearly 250 
from a molin the above reaction and about 100 from neutralization of the 
acid by muscle b.lffers). 

Recovery apparently consists in removal of this lactic acid. About 
1 liter of oxygen is used during recovery to remove from 6 to 7 grams 
of lactic acid formed during exercise. The energy for lactic acid removal 
is derived from oxidation of lactic acid, and it is here that oxygen enters 
the picture. About 0.770 Cal. of energy, derived from oxidations, is 
expended in the removal of one gram (i.e., 3.8 Cal.) of lactic acid; half 
of this 0.770 Cal. is dissipated as recovery heat, and half is used for the 
endothermic reaction of reconverting 1 gm. of the lactic acid back to 
1 gm. of glycogen. More concretely, 1 gm. of lactic acid is oxidized in 
converting 4 gms. of lactic acid to glycogen. Of the 1 gm. oxidized, 
half is dissipated as heat, and half for driving the lactic acid to glycogen 
reaction. 

The anaerobic energy liberation from the transformation of gly
cogen to lactic acid is analogous to the anaerobic energy liberation 

·from the transformation of lead peroxide to lead s·ulfate in a lead 
battery ("accumulator"), which constitutes the discharge of the battery: 

discharge 

<-----

charge 

Charging is the reverse process. In both cases, the ultimate source of 
energy is external,S but the immediate source is internal; and the re
covery after exercise, analogous to charging of the battery, consists in 
restoring the original charged state. 

The discharge rate of the human "muscle battery" under peak 
effort for a few seconds is from 100 to 150 Calories* a minute, which is 

4. "One subject 'who ran his first leO yards in 9.88 seconds, and his second in 9.57 seconds, was 
developin g S :.5 horse-po\'\:er a t his maximum vel ocity (11.46 yards per second) and libera t ing more than 
4 grams of lactic acid per second in muscles".-FurUS3\Va, Hill, and Parkinson, Proc. Roy. Soc. B, 
102, 50, 192 7. 

5. The external energy source of the battery is electric current derived from oxidation of fue 1; 
the external energy source of the animal body is both food and oxy·gen. 

*Calorie spelled \vith large "c" means Kilo-Calorie. 
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about 100 times the heat produced (1.25 Cal./ minute) at complete 
rest. 

Oxyg'en Debt 
In the heat engine (steam or internal combustion) the fuel burns 

before the mechanical work is done; in the animal body, as explained 
above, the fuel is oxidized after the contraction occurs. The heat engine 
can not therefore overdraw its account for fuel or oxygen, since it must 
pay in advance. But the anim;,l machine can overdraw its oxygen ac
count by deriving its energy from the anaerobic transformation of gly
cogen to lactic acid. Under conditions of great physical effort, enormous 
quantities of lactic acid are formed. 6 At such times the cardio-respira
tory system is unable to supply sufficient oxygen for immediate re
moval of lactic acid and the animal goes into "oxygen debt", which is 
repaid at leisure during the recovery process. (lliter of oxygen is used 
during recovery for removing from 6 to 7 gms. lactic acid.) 

Energetics of the Animal 
The above discussion gives an indication of some of the funda

mental differences between animal and inanimate machine. But as 
regards energetic efficiency and ultimate energy sources the animal 
body and heat engine are similar. In both cases, the energy is derived 
from the burning of fuel. It is easy to measure the energy liberated 
by the burning of fuel from the oxygen consumption. For every liter 
of oxygen consumed, about five Calories (i.e., kilo-calories) of energy is 
liberated. 

The actual energy equivalent of oxygen varies somewhat with the 
nature of fuel. It is usually considered that per liter of oxygen used, 
5.05 Calories are liberated when carbohydrate is burned (5.14 Cal. 
when glycogen burns) and 4.69 Calories when fat burns. 

Purpose of this Bulletin 
I'n Missouri Research Bulletin 209 we presented preliminary data 

on the energy costs and efficiencies of pulling loads by farm work horses. 
Recently, the results of the "Nebraska tractor tests" were published,7 and 
from this material we computed the energetic efficiencies of farm trac
tors. The principal practical purpose of this research is to compare the 
energetic efficiency and monetary economy of a typical farm work 
horse with a typical farm tractor. The principal tlzeo~·etical object of 
this bulletin is to analyze the influence of load, speed, rate of work, 
and size of animal on energetic cost, energetic efficiency, and monetary 

6. Apparently up to 4 gros. per second (Furusawa, Hill, and Parkinson, Proc. Roy. Soc. B. 102, 
50,1927). The oxygen debt during 15 second sprinting at top fipced m::ty be 7 to 8 liters, with liberation 
up to 50 gms. (about 1 Y4 oz.) of lactic acid. A 70-Kg. athlete, breathing an atmosphere of 10% CO, 
and about 90 % 02. running at top speed, acquired an oxygen debt of 18.6 liters and liberated 112 
gms. (or J4 lb.) of lactic acid. This corresponds to a 0.27 liter oxygen debt per kilo body weight, or 
0.32 % lactic acid content in the muscles. (Hill "Muscular movements in man" pp. 30-32). 

7. Nebraska Ag. Exp. Sta. Bul. 292. 
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cost of work horses in a manner analogous to that we employed in 
Missouri Research Bulletins 222, 238, and 239 on energetic costs, 
efficiencies, and energy profits in milk production of dairy cattle. In
cidentally, the recent rapid contributions to the field of physiology of 
muscular exercise will enable us to discuss briefly the role of temper
ature, humidity, diet, and cardio-respiratory capacity as limiting 
factors in work output. Such a discussion, it is hoped, will call attention 
to a neglected problem in agriculture, namely, the physiology of mus
cular exercise m work and race horses. 

Data and Methods 
A summary of our data on energy costs ani efficiencies of horses 

is presented in Table 1. Details about the data and the methods used 
for obtaining them are given in Missouri Research Bulletin 209. A 
similar summary of the tractor data is presented in Table 2. 

Our data and conclusions are presented in a tentative spirit, not 
only because the number of animals is too limited for drawing general
izations, but also because two errors of uncertain magnitude are in
herent in the data. First, the respiratory quotients were not determined, 
the energy expenditures being computed from oxygen consumption 
measurements with an assumed R. Q. (i.e., respiratory quotient) . 
The heat equivalent of a liter of oxygen may be between about 4.7 and 
5.1 Calories per liter, depending on the R.Q. level. The maximum 
probable error due to this uncertainty, about 4%, is however, within 
the limits of error of this type of works, and we need not worry about 
it. Following Hill's lead 8, we assumed in Table 1 that for muscular 
exercise 1 liter of oxygen is equivalent to 5 Calories, but the results 
are practically the same as if we assumed it to be 4.825 Calories, as 
we did in Res. Bul. 209. 

The possibility of a more serious error in the upper region of work 
rates consists in the oversight of the "oxygen debt" described above. 
The "oxygen debt" oversight was, however, perhaps justified for three 
reasons. First, the animals were breathing not ordinary air, but the 
atmosphere from Benedict-Collins type bells, filled with oxygen, as 
shown in Fig. 1. It was shown by Hill 9 that during muscular work, 

8. The question of the respiratory q!lotient of muscular exercise is at present under investiga
tion. According to Hill, Long, & Lupton (Proc. Roy. Soc. B, 96, 438; 97, 84, 1924), it is 1.0; however, 
according to others (Christiansen~ Krogh , & Lindhard, Quart. Bu!. Lea gue Nations, 3, 388, 1934; 
Himwich & Castle, Am. J. Physio!., 83, 92, 1927; Himwich & Rose, Id. , 88, 663, 1929; Henderson & 
Hagga rd Am. J. Physiol., 72, 264, 1925), while there is selective utilization of carbohydrates in mus
cular work, and carbohydrate diet is preferred for muscular work, yet there is no difference in the 
respiratory quotient durin~ exercise than just before exercise: the same proportIon of fat and sugar 
burns during exerCIse as just before. According to Henderson & Haggard, "The data here reported 
indicate that at least two-thirds of th e energy expended by an athlete is derived from fat", in which 
case the R.Q. would be about 0.80. According to Bock, et al CJ. Ph ysio!. 66, 172 (1928) glycogen 
should be the invariable source of muscular energy if one adopts the theory tha t the gl ycogen to lactic 
acid reaction is the immediate source of energy. In our opinion the R.Q. of the wholt organism has no 
bearing on whether Or not energy is derived from the glycogen lactic acid reaction because this reaction 
may take place in muscles, while the fat carbohydrate reaction with its very low R. Q. may occur 
elsewhere. 

9. Hill, Long, Lupton, Prec. Roy. Soc. London, B, 97, 155, 1924. 



TABLE I.- WORK ENERGY EXPENSE, AND GROSS ENERGETIC EFFICIENCY OF OUR 1500-POUND HORSE 19, AND 
600-POUND PONY 2. . 

Speed-l.15 mil e. per hr. Speed-2.2 miles per hr. Speed-3.1 mile. per b r. 
Overall Overall Ove rall 

E xpt. D raft 
H orse E nergy Overall Hon e E nergy Overa ll H orse Energy Ove rall 
P ower Expen. e Efficiency Power Expense Efficiency Pow e r Expense Efficiency 

Cals.* 
H orse No' 19 

% Cals.* % Cal •. * % 

Standing 0 -- - - 56 8 -- -- ---- 573 ---- -- -- 550 --- -
Wa lking 0 

O~ j 5 
1217 

- 6~ 8 
1474 

6:41 
19 12 

iCl Wor king 50 1433 0 . 29 1917 9.8 2338 
Working 75 0.23 1615 9.1 O.H 2116 13 . 3 0 . 62 2718 14 .6 
Working 100 0 . 31 1760 11. 2 0 . 59 UH 15.3 0 . 83 3021 l7 .5 
Standing 0 ---- 660 - --- ---- 694 ---- - --- 73 1 ----
Walking 0 

ii~38 
1205 1665 

j5~6 
2207 

i 6~6 Wor ki ng 125 2000 12.3 0 . 73 3013 1. 03 3999 
Working 150 0.46 2052 14 .4 0.88 3226 17 .5 1. 24 4477 17 .8 
Wor king 175 O.H 2194 15 . 7 1.03 3472 19 .0 1.45 4687 19.8 
Workin g 200 0.61 2344 16 . 8 1. 17 3783 19.9 1.65 5008 21.2 
Workin g 225 0 . 69 2448 18. 1 1.32 4177 20 . 3 1.86 5606 21. 3 
Working 250 0 . 77 2577 19.1 1.47 4385 21.5 2 . 07 6010 22 . 0 
Working 275 0 .84 2852 19 . 0 1.61 4819 21. 5 2.27 6498 22.4 
Working 300 0. 92 2926 20.2 1. 76 5190 21.8 2.48 6963 22 . 8 
Working 325 1.00 3207 19 . 9 1. 91 5596 21.9 2 .69 7284 23. 7 
Wor king 350 1.07 3527 19 . 5 2 . 05 5856 22.5 2.89 7685 24 . 1 
Working 375 1. 15 3707 19.9 2 . 20 596 1 23 . 7 3 . 10 8287 24.0 
Working 400 1. 23 3907 20. 1 2.35 6567 22.9 3 . 31 9015 23.5 
Workin g 425 1.30 41H 20.2 
Working 450 1. 38 3859 22.9 
Working 475 1. 46 4082 22. 9 
Worki ng 500 1. 53 4472 22.0 

Pony N o. 2 
270 St anding 0 - - - - 250 - -- - ---- ----

Wa lking 0 546 
ii ~ is 660 

jii~ 8 Working 25 0 .08 683 7.2 869 
Working 50 0.15 85 0 1l. 5 0.29 1112 16 . 9 
Working 75 0. 23 961 15 . 3 0 . 44 I ·U 1 20.0 
Working 100 0 . 31 1094 18 . 0 0.59 1725 21. 8 
Work ing 125 0.38 1330 18 . 5 0 . 73 2168 21. 7 
Working 150 0 .46 1573 18 .8 0.88 2625 21.5 
Work ing 175 0.54 1632 21.1 

*Computed fro m oxygen consump tio n d at a ass u ming th a t the energy equ iva lence of oxygen is 5 Ca lories per liter. 
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TABLE 2.-EFFICIENCY DATA FOR FARM TRACTORS TESTED BY THE NEBRASKA STATION! 

F uel 
Horse-power at Lb •. fuel per H.P.-hr Fuel Ca lories' input Overall Efficiency 

T e.t No. Type 
Draw~bar2 Belt' Draw-bar Belt 

pe r horse-power- hour at % at 

Draw-bar Belt Draw-bar Belt 

21 2 Ign ition Ga. /0.09 14.61 .986 .654 5156 3420 12.4 18. 7 
21 3 Ignitio n Gas 58 . 46 77 .58 . 918 . 756 4800 3953 13 .4 16.2 
214 Diesel F. Oil 40 . 17 55 . 66 .640 .5/0 3145 2506 20.4 25 .6 
215 I gn ition Gas 35.70 49 .59 . 846 .602 4424 3148 14 .5 20.4 
21 6 Ig ni tion Gas 22 . 98 32 . 01 . 805 . 607 4209 3174 15.2 20.2 
218 Diesel F. Oil 63.62 83.34 . 590 .497 2899 2442 22 .1 26.2 
219 Ignition Dist. 24 . 92 41.07 1.028 . 7-10 4770 3434 13 . 4 18 . 7 
220 Ignit ion Kero. 9.71 13.59 . 945 . 714 4785 3615 13 . 4- 17 . 7 
221 Ignition Kero. 12 . 6 1 22 .1 6 1 .025 . 646 5190 3271 12 .4 19.6 
222 Igni tion Dist. 16.31 23.63 . 958 . 671 4-445 3113 14.4- 20.6 
223 Ignition D ist. 12. 15 20.91 1.069 . 683 4960 31 69 12 . 9 20 . 2 
224- Ignition Gas 4 1. 29 54.83 . 824- .640 4309 3347 14.9 19 . 2 
225 Ignition Gas 21. 87 29.20 .873 .687 4565 3592 14 .0 17 . 8 
226 Ig nit ion D ist. 19 . 08 26 .87 .858 .674- 3981 3127 16.1 20.5 
227 Igni tion Gas 27 . 80 37 .51 .891 .679 4-659 3550 13.8 18 . 1 
228 Igni tion Gas 19 .55 27. 27 .899 .674- 4-701 3524 13 .6 18.2 
229 Ignit io n Kero. 9.90 13 . 99 1. 367 .690 6921 3493 9.3 18.4 
230 Diesel F . Oi l 33 . 79 43 .56 . 588 . 498 2889 24-47 22 . 2 26 . 2 
231 Ign it ion Gas 1D. 52 16 .17 .972 .629 5803 3289 11.0 19. 5 

Mean Valu e of Efficie ncy of ignition type 13 . 4 19 .0 
Mean Va lu e of Efficiency of D iesel type 21. 6 26. 0 - - -

1. Compil ed or computed from Nebraska A. E . S. Bull . 292, 193 5 
2. D raw-bar is the load that tractor'pu ll s wh ile movi ng itself. 
3. Belt H. P. is the load at t he power ta ke off \\'it h t he tractor stationary. 
4. Fuel Caloric. compu ted on assump tion t hat 1 lb. gasoline has fue l value of 5229 Ca l. ; Kerosene , 5063 Cal. ; Distill at e, 4640 Ca l. ; F. oil , 4914 Cal. 
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Fig. 1. 11etho d of measuring total energy ex pe nse by oxyge n co nsumption, olud \vork rate by 
pulling loads at given speeds. 

about 50% more oxygen is absorbed by the body from oxygen-rich 
atmospheres (containing 50% oxygen) than from ordinary air, thus 
decreasing the possibility of going into oxygen debt. Second, when 
oxygen consumption is plotted against work rate, as shown in Fig. 2, 
the relation is linear. If there were a significant oxygen debt, there would 
be a break from the linearity when a certain limiting work rate is ex
ceeded; or, at least, the curve would decline with increasing oxygen 
debt due to increasing work rates. The absence of such decline in
dicates that the animals apparently did not reach this anticipated 
critical work-rate limit when oxygen debt begins. Third, as explained 
in section II, efficiency, Eff, as function of work rate (horse-power), 
H.P., may be computed from the equation Eff = A - Be -k(HPl, 

from the data preceding half of the maximum oxygen consumption. 
It is reasonable to assume that preceding this relatively low metabolic 
level no oxygen debt is incurred. However, there is a possiblity of an 
oxygen debt error, and for this reason we prefer to consider this work 
as tentative, hoping to secure in the future data for time curves of 
oxygen consumption in the performance of given work by horses. 

Our data. on energy costs and efficiencies of work in horses are of 
course more complicated than data on energy costs and efficiencies of 
farm tractors. While the tractor tests were made for one speed and 
10aJ, OUr horse-work data were obtained for a series of speeds and loads 
thereby introducing time and load, as well as power, variables. We 
shall present charts showing the influence of speed, load, and power 
on energetic costs and efficiencies of work in horses. But for purposes 
of comparing the efficiency of horse and tractor, we shall center our 
efforts about the energetic efficiency and monetary cost of a typical 
farm horse, namely, a 4-year old 1500-pound Percheron gelding, and 
a typical farm tractor namely, a 12-H.P. ignition-type tractor. 
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The bulk of our data, as indicated by Table 1, was secured on a 
1500-pound 4-year-old Percheron gelding, employed locally on a farm 
as a regular work horse, and a 3-year-old 600-pound Shetland pony. 
Work consisted in pulling weights on a moving horizontal platform 
actuated by an electric motor at desired speeds, and the energy expense 
was computed from the rate of oxygen consumption, as illustrated in 
Fig. 1. 

Definitions 
Gross, or overall, efficiency of muscular work is defined by the 

equation 

G ffi . Energy equivalent mechanical work accomplished (A) 
ross e c1ency = 

. Total energy expended while accomplishing work 
The total energy expended while accomplishing the work is the sum 

of energy equivalents of: 
(1) Work accomplished 
(2) "Basal metabolism" 
(3) Heat increment of feeding 
(4) Standing above basal 
(5) Walking without load above standing 
(6) Overcoming internal resistance (viscosity )of bod)' 
(7) Overcoming external resistance (wind, contact of feet with 

ground, etc.) 
(8) Useless incidental movements associated with pulling loads. 
(9) "Recovery" process (removing lactic acid resulting from 

work). 
Hill10 and Fennll attempted to estimate the energy costs of the 

constitutent processes of (6), (7), and (8) above. First of all there is 
the 60% unavoidable "recovery" waste involved in removal of the 
lactic acid ("charging the battery"). Theoretically (under isometric 
conditions), 40% of the total energy can be recovered in contraction 
of an isolated muscle. Of this theoretical 40% maximum, only 50% to 
60% is actually recovered in an organism, say in running, bringing the 
overall efficiency down to 20 to 25%. According to Hill, et apo, most 
of the remaining 40 to 50% is lost in overcoming the internal frictional 
resistance of the muscles. This viscosity is of great advantage to the 
animal, nothwithstanding the energy expended on it, bec::ause other
wise, he would "tear his tendons, break his bones, 'pull' his muscles, 
strain his join ts." 

Fenn warned against the above simple interpretation of the term 
"viscosity." According to Fennl2, the external work of sprinting, ex-

10. Proc. Roy. Soc. London, B, 102, 29 and 380, 1927 .. 
11. Am. ]'. Physio!., 92,583,1930; 90,343,1929; 93, 433,1930. 
12. Loc. CIt. 
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elusive of work done against viscosity, is a large fraction of the total 
energy expense. Fenn investigated an average man running at top speed . 
for a few seconds. This man expended energy at the rate of 13 H.P. 
Of this 13 H.P., 7.8 H.P. (60%) was estimated to represent waste of 
recovery, and 5.2 H.P. (40%), "initial" (anaerobic) phase of muscle 
contraction. 2.95 H.P. of the "initial" energy (22.6% of the total 13 
H.P. or 57% of the "initial" 5.2 H.P.) was used for work apportioned 
as follows: 1.68 H.P. (56.9% of the 2.95, or 12.9 of the 13 H.P.) for 
acceleration of limbs; 0.67 H.P. (22.7% of 2.95, or 5.2% of 13 H .P.) in 
friction of foot with ground; 0.10 H.P. (3.4% of 2.95, or 0.77% of 13 
H.P.) for gravity; 0.13 H.P. (4.4% of 2.95, or 1 % of 13 H.P.) in wind 
resistance. 

For the purpose of the present report it is necessary to point out 
the obvious fact that the energy expense of the resting animal goes on 
whether the animal works or doesn't. The resting energy is thus clearly 
an overhead expense. If we deduct this overhead expense of standing 
at rest from the total expense, we get net efficiency, defined by the 
equation 

. Work done 
Net efficIency = (B) 

Total energy used-energy of standing animal. 

The expense of mere walking at the given speed without a load is 
likewise in a sense an overhead expense. If we deduct this overhead 
expense of walking from the total expense, we get what we may call 
"absolute" efficiency, defined by the equation 

Work done 
Absolute efficiency (C) 

Total energy used-energy of walking 
animal without load 

The literature on the energy expense and efficiency of human 
sports (sprinting, etc.) is not concerned with loads, since the subject 
constitutes the load, and in such cases the concept of "absolute ef
ficiency" because it is zero, would be meaningless. The concept of net 
efficiency (equation B) is therefore used in the literature on muscular 
exercise of humans. On the other hand, from our point of view, where 
the load is the essential consideration, absolute efficiency, that is the 
efficiency of pulling the load above that of other "overhead" expenses 
including walking without load, is the more significant. The present 
bulletin is therefore confined to the discussion of gross, or overall, 
efficiency (equation A), which is the efficiency of greatest practical 
importance; and absolute efficiency (equation C), which is the efficiency 
of greatest theoretical significance. 

The work accomplished by these horses was measured by the pro
duct of load pulled and distance, then converted to powel, or work-rate, 
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units, such as horse-power, kilowatt, or Calories per minute. The energy 
expended was measured by oxygen consumption, as previously explain
ed, and described in detail in Missouri Res. Bul. 208. Efficiencies were 
then computed from the ratios of energy equivalents of work accom
plished to energy expended. 

II. ENERGETIC EFFICIENCY AND COST OF MUSCULAR WORK 
Course of Efficiency and Course of Energy Expenditure with 

Increasing Rate of Work j Maximum Efficiency 
Efficiency of an effort is zero when no work is accomplished, either 

because load or speed is zero, or because load is too heavy to pull. 
Between these extremes there must be an optimum load and optimum 
speed when efficiency is maximum, as illustrated by a curve in Fig. 3a 
we plotted from data on a man by Luptonl3 j Fig. 3b from data by 
Consumers' Research on low-priced automobiles; and Fig. 3c from 
data on our Horse 19. 
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Fig. 3a. I nfluence of speed on energy cost 3:nd on efficiency of climbing 

stairs. Computed and plotted by us from data by Lupton (J. Physilol., 57, 
336, 1922:3). The ovcrhe:id energy cost of resting is not included in these 
data , and the efficiency is therefore ntt and not t:1'OJ!. The energy cost is 
Ii kewise nct. 

The rising and. declining course of mechanical efficiency, or declin
ing and rising curve of energy cost in animals, may be explained by the 
following considerations. According to HiU14 the force exerteJ by a 
runner is used mainly in overcoming the "viscosity" of his muscles. 

13. Lupton, J. Physiol. 57, 337. 1923. Benedict & Murschhouser (Carnegie Institution Pub!. 
231, 1915) likewise found an optimum speed for walking a. shown by tr.e following table 

Meters walked per minute 53 60 80 90 102 140 146 

Calories expended/minute 64 58 52 51 53 73 77. 
See al.o Benedict & Parmenter J. Am. Physio!. , 84, 675, 1928 and Benedict and Cathcart, Carnegie 
Institution of Pub!. 187, 1913. 

14. Furusawa, K., Hill, A. V., & Parkinson, ]. L., .Proe. Roy. Soc., B, 102, 29, 1928. 
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As in the case of other viscous colloids, the slower the muscular move
ments, the less the energy cost of overcoming internal resistance, 
and therefore the more efficient the proces~. But the slower the move
ments, the longer the time for performing the work; and therefore the 
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greater the overhea.d maintenance expense, including expense of main
taining muscle contraction, and the less efficient the process. The op
timum speed for maximum efficiency is necessarily a compromise 
between muscle viscosity, which requires slow movement for most ef
ficient work, and maintenance cost, which requires rapid movements 
for most efficient work. 

For technical reasons15, our efficiency measurements on the horses 
did not extend beyond the point of maximum efficiency. 

Fig. 4 presents gross energetic efficiency, and also oxygen consump
tion, at three speeds as function of horse power developed by a 1500-
pound Percheron gelding, and a 600-pound Shetland pony mare. 

The relation between energy expended and power output is seen 
to be linear. If speed differences are disregarded, the relation of overall 
energy expended, Qo, to horse-power, H.P., is for Horse 19, (see Fig. 2) 

Qo = 1065 + 2339 H~P. (1) 
If, however, the data are separated by spe~ds, then small but 

definite differences are found as shown by the upper chart in Fig. 4 
which represen ts the following equations: 

Liters oxygen per minute Calories per hour 
02=3.54+7.27 (H.P.) Qo=1062+2181 H.P. Speed = 1.15 m/hr. (2) 
02=4.03+7.47 (H.P.) Qo=1209+2241 H.P. Speed=2.2 m/hr. (3) 
O2=4.79+7.41 (H.P.) Qo=1437+2223 H.P. Speed=3.1 m/hr. (4) 

The efficiency of the work may be computed from the above equa
tions as follows: 

By definition, overall efficiency is represented by the equation16 

Effi . (H.P.) 642 100 
~ clency = --'----'----

Qo 
(5) 

Substituting equations (1), (2), (3), and (4) in equation (5), sepa
rately, gives the equations for efficiency at speeds 1.15,2.2, and 3.1 miles 
per hour. These equations are all of the same type, passing through 
zero-zero and approaching asymptotically the maximum efficiency value. 
Substituting equation (1) in equation (5) will serve to illustrate the 
solution: 

Efficiency (H.P.) 642 100. 
1065+2339 H.P. ' 

or by dividing numerator and denominator by H.P., 

Efficiency 
64200 

1065 +2339 
H.P. 

(6) 

(7) 

15: It wa~ n~t practicable to reduce speed below 1.15 M . P. H. because of the tendency to stop,. 
nor to InCrease It above 3.2 M.P.H. because of the tendency to trot. It was not safe to increase the load 
on our treadmil1 beyond the given level. 

16. Since 1 H . P. =M2 Cal./hr. 
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The limiting value of efficiency becomes: 

Efficiency = 64200 = 64200 = 27.4% (8) 
1065 +2339 2339 
OC 

In the cases of the substitutions of equations (2), (3), and (4) the 
maximum efficiencies are: 

Max Eff=29.4% Speed = 1.15 m.p.h. (9) 
Max Eff=28.6% Speed=2.2 m.p.h. (10) 
Max Eff=28.8% Speed=3.1 m.p.h. (11) 

The problem of maximum efficiency may be approached from 
another point of view. The course of efficiency with increasing horse
power resembles the age curve of growth in weight represented by 
the equation Y =A-Be'kx. This exponential equation was therefore 
fitted to the data by rectification on semi-log paper, as outlined in 
Res. Bul. 97 with the following results: 

Eo=25.0 (1_e,1.79 H.P.) Speed = 1.15 m.p.h. (12) 
Eo=24.5 (l_e,1.41 H.P.) Speed=2.2 m.p.h. (13) 
Eo=24.0 (1-e,1.20 H.P.) Speed=3.1 m.p.h. (14) 

The resulting curves and the accuracy of the fit are shown in the bottom 
half of Fig. 4. 

It may be noticed that equation (7) more nearly represents the 
data in the region from about 0 to 0.75 H.P. than equations (12), (13), 
and (14). On the other hand, (12), (13), and (14) more nearly represent 
the data from about 0.75 to 2 H .P . Above 2 H.P. there is little difference 
within the range of the data. It is also noted that the maximum ef
ficiencies as predicted by the exponential equations (12), (13), and (14) 
are lower than those given by (9), (10) and (11). 

The exponential-equation method (12, 13, 14) appears to be better 
suited for relating the course of overall efficiency with increasing horse:' 
power than the "rational" substitution method (6, 7, 9, 10, 11), first, 
because the substitution method is based on the assumption that the 
energy expense is a linear function of horse-power. This assumption 
probably does not hold for higher horse-powers. The exponential 
equation, on the other hand, is frankly empirical, used with the full 
understanding that efficiency goes through a maximum, after which 
it declines rapidly with increasing horse-power. In other words, there 
is an implicit limitation against the use of the exponential equation 
beyond a certain value. ·Moreover, the maxima overall efficiency 
values obtained by the exponential-equation method (24% to 25%) 
appear to be more reasonable than the maxima derived by the. substitu
tion method (28%-29%). Finally, the exponential equation fits17 the 

17. The irregularities of the data are due largely to the fact that they were ·secured at varying 
intervals apart , in one case 7-months apart, when the horses were in widely varying physical condition. 
and body weights. The ISOO,pound hor.e worked on an outlying farm a considerable dista!,ce from 
t~e laboratory, and could rarely'be -spared for this purpose; the pony likewise worked in a mme lome 
dllltanCe away. 
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data better in the 1 H.P. region, which represents the "standard" 

power output of "a horse". 
In connection with the discussion of relative reasonableness of 

24%-25% and 28%-29% as gross efficiency maxima, it may be noted 

that the "absolute efficiency" (equation C) is the theoretical maximal 

limit of gross and net efficiency. The absolute efficiency represented 

by the bottom curve of Fig. 12 is of the order of 30%; therefore, gross, 

and net, efficiency can never reach 30%, but approach 30% as a limit. 

28%-29% is too close to the maximum to be reasonable. 

The estimated maximum value for overall efficiency of pulling loads 

is probably uninfluenced by the oversight of the oxygen debt discussed 

in the introduction (1. 3), because the maximum value was obtained 

by fitting the equation to the data on Horse 19 preceding 2 H.P. A 

2 H.P. work-rate is less than half of the maximum power which this 

horse can develop, and is too gentle for this hardy animal to cause an 

oxygen debt. 
In Figs. 4 and 5 gross efficiency is plotted against horse-power, 

which is the product of load and speed; in Fig. 6 gross efficiency is plotted 

separately against speed and load. It is clear from both figures that for 

all loads the efficiency of Horse 19 is higher for the 1.1 mile speed than 

for the 2.1 mile; and higher for the 2.1 than for the 3.1 mile speed. 

This means, as previously noted, that within the given limits, a given 

rate of work can be maintained, at a higher efficiency or for a smaller 

energy cost at a slow than at a high speed. However, the total energy 

cost for accomplishing a given job is smaller at a higher speed because 

of the saving of maintenance resulting from the reduction in the time 

required to complete the job. 
It is hardly necessary to say that maximum mechanical efficiency 

is not the physiologically optimal efficiency, or economically most 

profitable for sustained work, maintained day after day, 6 to 10 hours 

a day. Thus from Figs. 4 and 5 mechanical efficiency of the 1500-pound 

work horse apparently continues to increase with increasing work rate 

until a 3Yz horse-power level is reached; yet it is known from experi

ence, that to hold his own in steady work, day after day, at 6 to 10 

hours a day the horse should work at a rate of about 1, not 3, 

horse-power. A tractive draft equivalent to 10% of body weight-which 

is 150, and not 400 or 500, pounds for Horse 19-is considered optimum 

for steady work for the average work horse.ls Figc;. 4 and 5 substan

tiate this idea. It is there seen that while the horse can pull loads at 

least up to 35% of body weight, increases in efficiency become negligible 

18. Observations at the Iowa State College (Collins & Caine, Iowa A. E. St. Bu!. 240, 1926) 

indicate that it is possible for horses weighing 1500 to 1900 pounds to work continuously (10 hours 

a day) at a ra.te of at least 1 horse-power; or that it is possible to exert a tractive effort of 1/10 of 

their body weights and travel a total of 20 miles per day without undue fatigue. . 



RESEARCH BULLETIN 244 

>-20~--~--~~~~~~---+----~~ 

U z 
~ 

64200 
J.Q6L + 2182 
HoP. 

U 15~--~+-~~~--~ 64200 
1209 + 2242 
HoP. ~ 

~ 
~ 64200 

~+2223 :j 10,~-U~ ____ ~ ____ ~ ____ +-___ H~oP._. ____ +-__ ~ 

« 
of. 
~ 

~ 

>- 20 
U z 
U-I~ 

HORSE 19 

U ~ I ",I----I--H47"~A---:~=--_.;:;.--+_-_l 
G::::t:.J 
I...L..~ 
U-I C'4 

11 

2S~10'1----~~~~----~-7~----4---~~--~ 

hlJl..-.Ll........,,,,,L-I------+ NOTE, N = NUMBER HOURS WORK 

I 
HORSE 19 

2 3 

HORSE - POWER 
Fig. Sa. Overall efficiency as function of horse-power. Upper chart 

represents full-time work for the 3 speeds; lower chart represents part-time 
work i. e., 2, 4, 6, 8, 10, and 12 hours work out of 24 all speeds combined. 

21 

after the draft exceeds 15% of body weight. The law of diminishing 
returns operates for the efficiency of muscular work, as well as for 
efficiency of milk secretion (See Missouri Res. Buls. 222, 238, an.:! 239). 
One of the important problems in horse husbandry is to determine the 
maximum rate of work that horses of different sizes can do day in and 
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day out and still fully retain their body weight and vigor to an ad
vanced age_ 

It is also of tremendous importance to evaluate maximum ef
ficiency of muscular exercise because it constitutes one of the major 
biological-and agricul tural-constan ts. 

Efficiency While Working vs. All-day Efficiency 

In computing energetic efficiency of inanimate motors one needs 
to consider only the energy expense while working. Theoretically, there 
need be no other energy expense. All-day efficiency is identical with 
efficiency while working. In the case of animals, however, at least U 
of the time is given to rest during which energy expense continues. 
All-day efficiency in animals is therefore much below the efficiency while 
working, and it varies with the number of working hours. 

The lower half of Fig. Sa shows how the all-day efficiency varies 
with increasing rate of work (horse-power), and also with the number 
of hours worked per day. 

In the right chart of Fig. Sb all-day efficiency is plotted against 
number of hours worked (at 1 H.P.) per day. Fig. Sb shows that in
creases in efficiency decrease with increasing hours of work per day. 
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The equation of the curve on the right chart of Fig. 5b (all-day 
efficiency as function of hours worked per day) may be derived from 
equation (1) and from the energy expended during standing. If N is 
number of hours worked, and 607 Calories are expended per hour while 
standing at rest, then the all-day energy expended, Qo, is 

Qo= (24-N) 607+N (1065+2339 H.P.) 
The Calorie equivalent of the work accomplished is 

Qw.=642 x H .P. x N. 
The efficiency is then, 

E =Qwa 
o Qo 

642H.P. x N 

(24-N) 607+N (1065+2339 H.P.) 

(15) 

(16) 

(17) 

This equation may be simplified by assuming the horse to work at the 
rate of one horse-power and collecting terms, giving, 

E _ 642N 
0- 14570+2793 N ' 

which is the equation of the curve of Fig. 5b. 
The variation of profit with hours worked per day gives a different 

picture. We may assume the value of work accomplished to be lOc per 
horse-power-hour and the cost of the feed lc per lb. TDN. In terms 
of energy, since 1 horse-power-hour is equivalent to 642 Calories and 

1 pound TDN to 1814 Calories, we have ..:.!Q. dollars per Calorie of 
.01 642 

work accomplished, and 1814 dollars per Calorie of energy expended. 

Thus, referring to equations 15 and 16, the equation for profit (the value 
of work accomplished minus the cost of feed required) may be written 

Profit = .:.!.Q Qwa - ~ Qo (18) 
642 1814 

{
.10 } {.01 CI9}) 

= - 642 x H.P. x N - -[(24-N) 607+N (1065+2339 H.P.)] 
642 1824 

For a work rate of one horse-power this equation reduces to 

Profit=.10 N - .0114570+2793N = - .0803+ .0846N (20) 
1814 

The above equation indicates that, unlike efficiency, profit is linearly 
related to the riumber of hours worked. 

In brief, as shown in Fig. 2b, the increases in all-day efficiency 
with increasing number of hours worked per day decreases; but the 
increase in profit per day is constant; that is, the profit per day is linearly 
related to the number of hours worked per day. 
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Comparison of Efficiencies of Horses and Humans. 
Maximum Mechanical Efficiency is Independent of Body Size or Species 

While there does not appear to be any literature on energetic 
efficiency of pulling loads by work horses, there is a very considerable 
literature on the efficiency of humans engaged in various sports, par
ticularly in running19 and rowing20• 

The estimated maximum efficiency of humans, appears to be of 
the same order as that of horses. Benedict and Cathcart21 report gross 
efficiencies up to 21 % and net efficiencies up to 25% for pedalling 
bicycle ergometers. These values are of course of the same order as we 
found in our horses. 

Furusawa, Hill and Parkinson!?2 report net efficiencies (not including 
cost at rest) up to 41 % in the case of sprint (60 yards) . However, this 
41 % efficiency is based not on observed work but on "theoretical maxi
mum work."22 According to these authors, of the total energy liberated 
from the complete cycle of contraction and recovery of a frog muscle, 
40% comes from the initial or anaerobic contraction phase, and "if 
the whole of the initial energy were liberated as mechanical work, the 
efficiency would be 40 per cent." But this 40%, as previously noted, 
only refers to the theoretical maximum. Actually, according to these 
authors, "in the process of running a great amount of effort is wasted: 
the arms are flung about, the legs are pulled violently foward as well as 
forced back in propelling the body, even the muscles of the face and 
neck are involved" ..... "It is well known that in man no actual 
mechanical efficiency of more than 25% can be attained." 

Fenn23 reported ail efficiency of 22.6% for an average man running 
at maximum speed, working at the rate of 2.95 horse-power, and 
spending energy at the rate of 13 horse-power. We shall discuss Fenn's 
results in more detail in the next section. 

19. See, among others, A. V. Hill, "Muscular movement in man," New York & LOOldon, 1927; 
also Hill, "Muscular activity" Baltimore, 1926; Fenn, Am. J. Physio!., 90, 343, 1929; 92, 583, 1930; 
93, 453, 1930. 

20. Henderson, Y. and Haggard, H.W., Am. J. Physio!., 72,264,1925. 

21. Carnegie Institution of Washington, Pub. 231, 1915. 

22. Proc. Roy. Soc. London, B, 102, 43, 1928: "In discussing the 'theoretical maximum work' 
one has eliminated the time element, only allowing enough time to develop the full force, and imagined 
a reversible cycle in which viscosity does not affect the result. In dealing with a tension-length curve 
in the isolated muscle we are doing what an engineer does with a p-v diagram, or a physicist with a 
Carnot cycle. We are dealing, not with an actual attainable efficiency, but with a theoretical max
imum. This in fact we are doing also with a runner, for we c·annot get a muscle actually to work without 
showing a "viscous" resistance to motion, and an efficiency of 38 per cent against an external force is 
possible only if we could. 

"Thus, in this connection, we arc dealing with muscular work in maD as a thermodynamic problem. 
This needs emphasis, for it can not be asserted that the working efficiency of human muscles, against 
a purely external rcsist:ance, is anywhere near the 38 per cent found here; what can be asserted is that 
this theoretical treatment of the subject is as well justified, and as likely to prove fruitful, as that 
involving the "reversible process" and the Carnat cycle in physics." 

23. Loc. Cit. 
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Henderson and Haggard reported24 that Yale oarsmen rowed with 
an efficiency of between 20 and 26 per cent. 

Fig. 6 shows that the gross efficiency of our horses approach 24 to 
25% as limit regardless of body weight. This result is of great interest 
in the light of Hill's quotations on humans; it suggests the generaliza
tion that under comparable conditions the mechanical efficiency of 
work is independent of body size or perhaps even of species. 
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Comparison of Energy Expenditures of Horses and Humans on the 
Basis of Energy Ratios of Work to Rest 

On account of size differences, the absolute total energy expendi
ture for muscular energy of humans can not be directly compared to 
that of horses. It is, however, possible to compare the work to rest, 
or work to basal metabolism energy ratios in humans and horses. 

Ratio of Maximum Rate of Oxygen Consumption to Rest Oxygen 
Consumption 

According to Dill's review~5 the maximum oxygen s:lpply to the 
tissues is limited to about 20 times the basal metabolism, in athletes, 
and to about 10 times in ordinary persons. Data by Sargent26 indicate 

24. Am. J. Physio!., 72 264. 1925. 
25. Physio!. Rev., 16, 263, 1936. 
26. Proc. Roy. Soc. B, 100, 10, 1926-27. 
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that the ratio of maximum oxygen intake to resting oxygen intake in 
a 63 kilo athlete was 15. Data by Schneider and Clark27 on R. W. C. 
indicate that oxygen consumption was 10 times as great working a 
bicycle ergometer 8000 foot-pounds per minute (2.66 liters oxygen per 
minute) than at rest (0.282 liters per minute). Hill's tabulation28 shows 
that 184-pound oarsman H, consumed 4.41 liters oxygen per minute; 
147-pound runner S consumed 4.38 liters oxygen per minute. These 
oxygen consumptions correspond roughly to 1323 and 1314 Cal. per 
hour. Assuming basal metabolism levels of 76 and 65 Cal. per hour, 
the ratios of maximum energy expense to basal metabolism are 17 and 
20, thus substantiating Dill's statement that the oxygen supply to 
the tissues is limited to about 20 times basal metabolism. 

Now let us see how our 1500-1600-pound work horse compares to 
humans with respect to the ratio of energy expenditure during "steady 
state"29 work to energy expenditure during basal metabolism, and also 
to standing metabolism, including heat increments of feeding. 

Our 1500-pound horse expended energy up to a rate of 9000 Cal/ 
hr. without apparently going into oxygen debt. Our 600-pound pony 
expended energy up to a rate 2500 Cal/hr. With increasing energy 
expenditure, the ratio of work to basal metabolism energy increased 
up to 22.5, and the ratio of work to rest (standing including heat in
crement of feeding) increased up to 15. This situation is illustrated 
pictorially in Fig. 7. No data points are given in Fig. 7 because the 
relation is purely mathematical. The energy expended during work is 
plotted against energy expended during work divided by a constant, 
namely the resting (standing) energy. 

In Fig. 8 we have these ratios plottd against horse-power, against 
draft for given speeds, and against speeds for given drafts. This rela
tion is based on data, and so the data points are shown. The given 
equations were computed by the method of least squares. The range 
in ratios is of course the same as in Fig. 7. 

In preparing Figs. 7 and 8 it was assumed that the basal metab
olism of the 1500-pound horse is 400 Calories per hour30 ; the standing 
metabolism, which includes the heat increment of feeding, is 606 
Cal./hr.sl 

27. Schneider and Clark, Am. ]. Physiol., 74, 334, 1925. 
28. HMu8cular Movements in Man", pp. 73-4. 
29. No oxygen debt is incurred during work in "steady state." 
30. See p. 21, Missouri Research Bulletin 220. 
31. Long-time average observed basal and standing metabolism values are given. The body 

weight and the standing metabolism varied considerably from month to month during the 18 months 
when the measurements Were carried out. This horse worked on an outlying farm some distance away? 
and it was posaibJe to observe him only on special occasions when he could be spared from the regular 
farm work. 
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27 

The energy expenditure by our lS00-pound horse (including heat 
increment of feeding) pulling 400 pounds at 3.1 miles per hour and 
working at the rate of 3.3 horse-power was 9000 Calories per hour. 
This is as far as we dared to go on our treadmill, although this is by no 
means the maximum of this animal's ability. If we assume a basal 
metabolism of 400 Calories, then during this 3.3 H.P. performance the 
ratio of energy expended during work to basal metabolism was 22.5. 

This is an interesting result. A lS00-1600-pound farm work horse 
xerting a tractive pull of 400 pounds at a walking speed, working at 

the rate of 3.3 horse-power-by no means the maximum performance
consumed about 22.5 times basal-metabolism oxygen; a 147-pound 
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outstanding athlete sprinting at top speed, without load, consumed 
20 times basal-metabolism oxygen. Does this mean that the cardio
respiratory mechanism of a good farm work horse is superior to that 
of an outstanding athlete? Of course this unexpected relatively high 
oxygen consumption of the horse may not be comparable to that of the 
athlete because of speed and load differences. On the other hand, the 
work to basal energy ratios of man and horse are close enough to in
dicate that this ratio is independent of body size or even species. The 
horse, 10 times the weight of the human, has nearly the same work to 
rest energy ratio as the human. 

Before closing this section it may be noted that the work to rest, 
or work to basal metabolism, energy ratios may be useful for estimating 
equivalence of work abilities of horses. Thus from Fig. 8, when work 
to basal metabolism ratio is 10, the pony works at the rate of about 
0.6 H~P., while the large horse works at the rate of 1.4 H.P. indicating 
that under the given conditions 0.6 H.P. in the pony is roughly equiv
alent to 1.4 H.P. in the large horse. 

Ratio of Peak-Effort Work to Rest Energy 
In the above discussion we compared man and horse with respect 

to maximum oxygen consumption during maximum "steady state" 
work, not considering exertions involving oxygen debt. It is interesting 
to make a rough comparison between man and work horse of energy 
expenditures during brief peak-effort when oxygen debts are incurred. 

The highest human energy expenditure was reported by Fenn32 • 

Fenn's "average man" running at maximum speed, worked at the rate 
of 2.95 horse-power and spent energy at the rate of 13 horse-power3• 

This result appeared to us unreasonably high in view of the fact that 
our 1500-pound horse pulling 400 pounds at 3.1 m.p.h. spent energy 
at only 14 H.P. When we called this matter to Dr. Fenn'.s attention, 
he replied that his 13-H.P. result "was based on actual determination 
of oxygen consumption which we made in running down the corridor. 
We have never published the details of the measurements .... If one 
runs for 10 seconds and runs up an oxygen debt of 5 liters, one's rate 
of total energy expenditure during the 10 seconds should be equivalent 
to 30 liters per minute .... If you look up Hill's paper, you will find 
oxygen requirements of 21 liters per minute for running at top speed." 

Fenn's 13 H.P. result on a man did not appear so strange to 
us after we examinated data on "horse-pulling contests" in which 
horses exert a maximal effort for a few seconds. The following table is 

32. Loc. Cit. 
33. This includes the 60% or 7.S horse-power recovery W,18te as explained in the introduction 

( I, 3). 
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taken from the report on the 1925 Iowa State Fair horse-pulling contest 
in the winning heavy-weight teams. 34 

Trial Distance Duration of Tractive pull Horse-power 
pulled trial pounds 
feet sec. 

1 27-U 4.0 2000 25.0 
2 27-U 4.2 2500 29.8 
3 27-U 11.0 3000 13.6 
4 27y~ 8.0 3200 20.0 
5 27-U 11.0 3400 15.5 
6 27-U 9.8 3425 17.5 

If the efficiency of this work was 20%, then the teams spent energy 
at the rate of 68 to 149 horse-power. If the efficiency was 25%, they 
spent energy at the rate of 54 to 119 horse-power. Since the teams were 
made up of two horses, the rates of energy expenditure per horse are 
estimated to be from 34 to 75 H.P. at 20% efficiency, or 27 to 60 H.P. 
at 25% efficiency. 

If we assume that the horses were 10 times the weight of Fenn's 
subject, and that maximum rate of energy expenditure is proportional 
to body weight, then the expected horse-power per horse would be about 
130; if maximum rate of energy expenditure is assumed to vary with the 
2/3 power of body weight, then the expected horse-power per horse 
would be about 60; if maximum energy expense varied with the 0.73 
power (as we reported it to be for basal metabolism in Missouri Res. 
Boll. 220), then the expected horse-power per horse would be about 70. 
These expectations are within the limits of the aforecited estimates on 
the horses. 

Workhorses, then, resemble humans not only with respect to ener
getic efficiency of work, but also with respect to maximal rate of energy 
expenditure, and no doubt with respect to ability of going into oxygen 
debt. We next hope to undertake a study of oxygen debt in horses to 
determine to what extent horses and humans resemble and differ in 
this respect. 

If Fenn's subject weighed 70 Kg., then his basal metabolism was 
of the order of 67 Cal. an hour, or roughly 0.1 H.P. During brief max-

imal exertion, Fenn's man therefore expended E.. = 130 times as much 
0.1 

energy as during basal metabolism. For Hill's man, whose maximum 
rate of energy expenditure was equivalent to 24 liters oxygen per 

34. See p. 215 Iowa Ag. Exp. St •. Bul. 240, 1926, by E. V. Collins .nd A. B. Caine. 
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minute, or about 11 H.P., the ratio of maximum energy expenditure 

to basal metabolism was II = 110. If the basal metabolism of the 
0.1 

winning horses in the pulling-contest was 400 Cal. per hour, or 0.62 
H.P., then during the brief maximal exertion, or peak effort, these 

. 27 75 
horses expended from 44 to 121 tImes - to - as much energy as 

.62 .62 
during basal metabolism. In view of the uncertainties involved in these 
estimates the results on man and work horse appear close. 

We may summarize this discussion by saying that the ratio of 
maximum energy expenditure, not incurring appreciable oxygen debt, 
to basal metabolism is of the order of 20 for both man and work horse; 
and the ratio of maximum energy expenditure, including oxygen debt, 
to basal metabolism is of the order of 100 in both man and work horse. 
In this connection it would be of much interest to evaluate these ratios 
for racing horses, who are more comparable to athletes than are work 
horses, and this we hope to do. 

Ratio of Sustained Work, As in Ordinary Daily Labor, to Rest Energy 
According to Dill's estimate3" for humans, the ratio of sustained 

work for 8 hours a day as encountered in daily life to basal metabolism, 
is 3 to 8 for hard work (lumber, building, mining, agricultural industries) 
and less than 3 for moderate work. The energy expendd per day (24 
hours) by humans is up to about 3000 Calories for moderate work and 
up to about 6000 for hard work. 

In Fig. 9 we have prepared a chart, on the basis of the data on our 
1500-pound horse, showing the relation of energy expenditure per day 
(24 hours) to ratios of energy expended during work to energy ex
pended during rest (standing, including heat increment of feeding) 
when the horse works for various times of the 24 hours and stands the 
remainder of the time. 

When the 1500-pound horse works 8 hours a day at a work to basal 
metabolism ratio of 8, he accomplishes work at the rate of about 1 H.P. 
and expends energy at the rate of 38,000 Calories a day (24 hours), 
corresponding to about 21 pounds TDN per day. This happens to be 
near the amount of TDN the horse ate per day when working about 
8 hours a day. At this rate of work the 1500-pound horse expended 

38000 = 6 to 7 times as much energy as the ISO-pound man. This is 
6000 

what might be expected, assuming that work ability and corresponding 
energy expense vary with the 3/4 power of body weight. 

35. Loc. Cit. 
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We may summarize this discussion by saying that the ratio of sus

tained energy expenditure as encountered in ordinary life, to basal 

metabolism is of the same order in man and horse. 



RESEARCH BULLETIN 244 33 

III. ENERGY COST OF PERFORMING UNIT WORK 

Time enters necessarily as a factor in estimating overall energy 
cost of performing unit work. If animal A does a given amount of work 
in half the time taken by animal B of the same live weight, then ob
viously the overhead maintenance charge for A for accomplishing the 
given job is ~ that of B, and A is that much more efficient energetically 
than B. 

The time factor is partially eliminated in estimating "net" energy 
cost. "N et" cost refers to "excess energy" above maintenance cost 
at rest. The overhead energy cost of maintaining the resting animal, 
which is directly proportional to time, is ignored in estimating "net" 
cost. However, the energy cost of walking without a load is considered 
as a part of, and is charged to, the expense of pulling the load; and 
since cost of walking a given distance varies with speed, the time factor 
also enters in net efficiency estimates, but to a lesser extent than in gross 
efficiency. 

The time factor may be further eliminated by estimating "absolute" 
energy cost. In computing "absolute" cost, the energy expense of walk-
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ing without a load is not considered as part .of the expense of pulling 
the load; "absolute" cost is the cost of the excess energy above walking. 

Figs. 10, 11 and 12 represent three chart forms for energy cost 
per unit work. 

From Fig. 10 one can read the total energy cost for pulling a given 
load, su-ch as 400 pounds, at any speed, such as 2 m.p.h. The time 
factor is implicit in the speed concept. Fig. 10 shows that as speed in
creases, less total energy is expended for accomplishing unit work be
cause overhead maintenance expense is saved. 
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Figs. 10 and 11 represent overall, or gross, energy expense. Fig. 
12 also includes "net" and absolute costs. The net-cost data points 
are enclosed by a broken enclosure line. The gross and absolute data 
points are respectively above and below the enclosure. 

The energy costs, plotted against horse-power, are given in terms of 
Calories per megafoot-pounds36 and horse-power-hours.37 

36. Megnfoot-pound = 1,000,000 foot pounds. 
37. Horse-power =33,000 foot pounds per minute. Horse-power-hour is work done at the rate 

of 1 horse-power for 1 hour; tha t is 1 horse-power is 33,000 x 60 = 1,980,000 foot pounds. = 1.98 mega
foot-pounds. 
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The costs per unit work decrease for gross and net expenditures 
with increasing horse-power, i.e., with increasing work rate, due to 
saving of maintenance, or overhead cost. The cost per unit "absolute" 
energy does not decrease with increasing work rate, for reasons pre
viously explained. 

Note that with incre.asing horse-power both gross and net costs 
approach absolute cost. The "absolute" energy cost per megafoot-pound 
is of the order of 1000 Calories, or per horse-power-hour about 2200 
Calories. The limiting, or lowest, gross and net costs are likewise about 
2200 Calories per horse-power-hour. This is also indicated by the 
equation on Fig. 12, indicating that 2200 is the asymptote of the hyper
bolas relating gross and net costs with horse-power. In brief, when 
work output is so high that the overhead cost is very small by com
parison, then the total energy cost per unit work becomes practically 
identical with the "absolute" energy cost per unit work. 

IV. FACTORS INFLUENCING WORK EFFICIENCY 
AND WORK OUTPUT 

Influence of Size of Animal on Work Efficiency and Output 
The above comparisons of energetic efficiencies of a IS00-pound 

horse, a 600-pound horse, and ISO-pound human, lead to the con
clusion that energetic efficiency is, within the usual limits of individual 
variability, independent of body weight. 

The ratio of maximum energy output (both "steady state" and 
absolute maximum as well as maintained work) to basal metabolism 
is likewise roughly independent of body weight. 

The available data are not sufficient to indicate directly whether 
work ability varies with body weight, with 2/3 power of body weight, 
or 0.73 power of body weight. However, the fact that the ratio of max
imum energy output to basal metabolism appears to be the same in 
large and small animals, leads to the inference that work ability varies 
with body weight in the same manner as basal metabolism. In other 
words, we believe that work ability of animals increases not directly 
with body weight but with the 0.73 power of body weight as does basal 
metabolism (see Missouri Res. Bul. 220). 

Influence of Load and Speed on Efficiency 
Within the observed limits, overall energetic efficiency of work 

horses increases with increasing speed and load. But at a given horse
power (which is product of load and speed) a heavy load at a slow 
speed is more efficient than a small load at a high speed. The mechanism 
(internal and external resistance) of this result was previously dis
cussed. 
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Influence of Temperature and Humidity on Muscular Work 
We did no original work on this problem. A few remarks are 

offered for the sake of completeness. 
According to Dill, et aps when temperature is high and dry, collapse 

is often due to heat cramps, caused by excessive loss not only of water, 
but especially of common salt. Accordingly, the proper prophylactic 
against heat cramps is drinking water containing 0.9% of common salt. 

But when the temperature is high and humid, collapse and death 
is result of heat stroke, caused by high body temperature (110° -112°F). 
This hyperpyrexia is of course due to inability of the heat-regulating 
mechanism, especially the heart, to throw off the heat. We know but 
little about the energetic efficiency of work at high temperatures
but the danger of its dropping to zero through collapse is considerable. 
Loss of work horses by sudden death in hot weather is quite common 
in Missouri, and no doubt, elsewhere. It is, moreover, generally known 
that increasing body temperature by 10°C increases heat production 
(maintenance cost) about 13%, consequently decreasing gross ef
ficiency. While high temperature may not affect net mechanical ef
ficiency in the technical sense, it decreases well-being, as shown by 
dizziness, weakness, decrease in skill, and increase in rest time; also by 
affecting the quantity and quality of work output, it affects gross 
efficiency.39 

Influence of Diet on Muscular Work 
It is generally. known that per liter oxygen consJmed. 5.05 Calories 

are produced when carbohydrate is oxidized, and only 4.69 Calories 
when fat is oxidized. In other words, about 7% less oxygen is required 
for the performance of a given task with carbohydrate than with fat 
energy. This 7% difference in oxygen requirement is of no importance 
for low work rate'S, but the importance increases with increasing work 
rate when oxygen supply to tissues becomes a limiting factor in peak 
efforts. Hi1l40 believes that in peak-efforts carbohydrates are probably 
the only muscle fuel. Hill cites Krogh and Lindhad,41 who reported 
that mechanical ener.gy is produced one-tenth more efficiently from 
carbohydrates than from fats. Krogh and Lindhard suggested that 
carbohydrate is the muscle fuel for work and that when fat has to be 
oxidized to provide the necessary energy, it must first be transformed 
into carbohydrate, and in that process about 10% of the fat energy is 
lost. However,. according to Lusk, "there is no existing evidence to 
support the conclusion that fat must first be converted into lactic acid 

38. See Dill ' s review loco cit. 
39. See Bazett, Physio!. Rev., 7, 531 , 1927. 
40. Hill "Muscular Activity," p . 103. 
41. Bioc. J., 14, 290, 1920. 
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in order to be available for muscular power." Christensen42 reported 
that humans engaged in I'steady-state" maximal work succeeded in 
continuing the work for 4 hours when on a high carbohydrate diet, but 
only I.%' hours on a high fat diet. One hour of such maximal work 
on a high-fat diet was followed by increase in acetone bodies in the 
blood. There is no doubt, as shown by Meyerhof, that in isolated 
muscles the R.Q. is unity during recovery. Himwich43 confirmed this 
result but found that in the intact organism the R.Q. of muscles is not 
1, but 13 for the entire body. 

Henderson and Haggard reported that fat furnished about 2/3 
of the energy expended by their Yale oarsmen, and that sugar is not 
the sole fuel of muscular energy. However, they believe that sugar is 
the fuel most immediately available for muscular work and that it 
would be helpful to the "wind" and for avoiding "overtraining" if 
enough carbohydrates were furnished to athletes to keep up the R.Q. 
to 0.85 or 0.9 (when carbohydrates would contribute 50 to 65% of the 
total energy). These authors quote approvingly the saying that "in 
the living body, fat burns only in a flame of sugar", meaning that with 
deficiency of sugar, oxidation of fat is incomplete. They suggest that 
it would be advantageous to raise the R.Q. by "eating a quarter of a 
pound of 'some simple candy, such as peppermint creams, a half to 
three-quarters of an hour before any prolonged contest". 

The belief of contemporary investigators is that especially for 
muscular work a relatively high-carbohydrate is preferable to a high 
fat diet; that collapse in Marathon runners is caused by serious deple
tion of carbohydrates44 ; and that ordinary industrial fatigue may be 
due to lowering of carbohydrate concentration45 • 

Influence of the Cardio-Respiratory System on Muscular Work 
Henderson and Haggard aptly expressed the relation between the 

circulatory and respiratory systems by saying that "circulation and 
respiration are the two halves of a single process, the maintenance of 
the interior atmosphere." 

However, the customary limiting factor in oxygen supply to the 
tissues is not the lung-chest system (external respiration), but the 
heart-blood vessel system (internal respiration). The heart is not only 
a pump-a circulatory organ-but also a respiratory organ in that it 
determines the supply of oxygen to the tissu'es, thereby setting a limit 
to the maximal energy output. 

During rest, the average human heart pumps about 4 liters blood 
a minute in supplying to the body's tissues 0'.25 to 0.30 liters oxygen 

42. ArbeitsphysioJ.,4, 128, 154, 175, 170 (1931); 5, 463, 479 (1931-2); 7,108,120 (1933-4). 
43. Himwich & Castle, Am.]. Physio!., 83,92,1927; Himwich & Rose, rd ., 88, 663, 1929; Hirn

wich & Barr,]. Bio!. Chern., 57,363,1923. 
44. Levine, Gordon & Derick ]. Am. Med. Assn. LXXXII 1778 (1924). 
45. Cf. Haggard, H. W., and Greenberg, L. A., "Diet and Physical Efficiency," New Haven, 1935. 
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per minute; during maximal work it pumps 30 to 40 liters blood a minute, 
supplying to the body's tissues 4 to 5 liters oxygen per minute46• 

Individual differences for muscular exercise depend largely on the 
elasticity of the heart's power for blood output on demand. 

This elasticity is in turn lim:ted by the 'ability of the coronary 
circulation to supply oxygen to the heart t" ssues to enable it to develop 
sufficient power. The heart of man at rest uses about 3% of the total 
oxygen intake. This amounts to only about 10 cc oxygen per minute. 
But during maximal efforts this may rise to 300 cc a minute which is 
more than that consumed by the entire body during rest. The coronary 
blood supply is therefore likely to be the ultimate factor limiting 
physical effort47• 

v. RELATIVE ENERGETIC EFFICIENCY OF HORSE 
AND TRACTOR 

Efficiencies of motors 

Having determined that the maximum efficiency of man and horse 
is of the order of 25%, it is interesting to quote for comparison efficiencies 
of engines. Hi1l48 quotes the following approximate efficiency figures: 

Steam engines without condensers _____ ________ ___ 7~% 
Steam engines with condensers ___ __ ____ _____ 9 to 19% 
Gas engin es _________________ ___ ______ ____ 14 to 18 % 
Diesel engines ___ ____ ______ _______________ 29 to 35% 

Needham49 quotes the following figures: 
Locomotive steam engine, not over _______________ 15% 
Gas engine with suction producer ______ ________ __ 25% 
Diesel engine, best recorded efficiency with high 

maximum pressure ____________ ___________ AO% 
Electric accumulator _____________________ 70 to 74% 

46. While 100 cc a r teria l blood holds about 18.5 cc oxygen, the arteria-venous oxygen difference 
is from 3 to 15 cc, depending mainly on oxygen tension of the muscles, which in turn depend on degree 
of muscular activity; that is, the arterial blood gives off to the tissues from 6 TO 15 cc of oxygen. Thus 
assuming a 90% oxygen satu ration for arterial blood and 30% saturation for venous blood, a rterial 
blood contains 18.5 x .9 =16.7 cc 0" and venous blood has left 18.5 x .3 =5.6 cc 0" a difference of about 
11 cc oxygen per 100 cc blood. 40 literS would thus be needed to supply about 4 to 5 literS of 0,. 

47. The power, or work rate, of the heart may be roughly estima ted from the blood output of 
the heart per unit time, ~nd blood pressure. Thus following an example cited by Hill, Long and Lupton 
(Proc. Roy. Soc. B, 97, 155,1924), let us assume that the maximum heart output is 40 liters a minu t e, 

100 
and the blood pressure is 100 mm. The work done is therefore 40 x - =5 .3 liters-atmospheres per 

760 
minute =128 calories per minute. Assuming an efficiency of 20%, the energy expenditure by the 

. left .ide of the heart would be 640 calories per minute. Adding 25 % for energy expended by the right 
side. the total expended by the heart is 800 calories per minute, equivalent to 160 cc oxygen per minute. 
If we assume a 60% oxygen utilization coefficient and a blood oxygen capacity of 18.5 %, the coronary 
vessels would have to supply to the heart tissues 1.5 liters blood per minute. Hill cites an example 
of the consumption of 5.9 liters of oxygen per minute involving a total heart output of 75 Iiters-17 
gallons-of blood per minute, and an oxygen consumption by heart tissues of 300 cc per minute cor~ 
responding to a coronary blood supply to the heart of 2 to 3 liters of blood per minute. It is thus 
made clear lhat the failure of · a perfectly good heart may be due to inadequacy of its coronary blood 
supply. 

48. "Muscular Movements in Man." 
49. "Chemical Embryology," Vol. 2, p. 981. 
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We may note, incidentally, that the maximum gross energetic 
,efficiency of milk production is 48% (see Missouri Res. Bul. 238-239), 
.and net efficiency of milk production (with respect to TDN) is about 
60%. 

Efficiency of Farm Tractors 
The efficiency of farm tractors computed by us from data of the 

1933-34 Nebraska tractor tests50 are summarized in Table 2. The ig
nition and Diesel types were averaged separately. 

The ignition type engine has an electrical ignition system and 
burns refined fuels, such as gasoline or kerosene. The much more ex
pensive Diesel type engine does not have an ignition system; the heat 
·of the great compression ignites the fuel of a lower grade, such as fuel 
oil. 

Tractor efficiencies were computed from the usual efficiency 
formula 

Effi . Energy output 10001 clency = . x /0 
Energy mput 

The energy inputs were computed from energy values of fuels as given 
'in handbooks; outputs from stated power outputs. 

The Nebraska tests were made at the draw bar and belt, from which 
we computed belt and draw-bar gross efficiency. In the "belt test", the 
tractor serves as a stationary engine supplying power to rotating ma
,chinery through the power take-off and a belt drive. In the "draw-bar 
test," the tractor pulls a known load, as measured by the draw-bar pull 
and the speed. The draw-bar efficiency is naturally lower because the 
tractor requires work to pull itself over the ground. The draw-bar 
·overall efficiency is seen from Table 2 to be 13.4% for the ignition type 
and 21.6% for the Diesel type; the belt overall efficiency is 19.0% for 
the ignition type and 26% for the Diesel type. 

Comparison of Horse and Tractor Overall Efficiencies 
The typical Missouri farm tractor is the ignition 12 H~'P. type 

which, as shown in Table 2, has an average gross energetic efficiency 
of 13.4% while working. Our horse 19, whose metabolism data are 
given in Table 1, is a typical Missouri farm work horse. His maximum 
overall efficiency while working is 24%. His overall efficiency while 
working at the rate of 1 horse-power is from J 7 to 21 % depending on 
.speed (see Fig. 4); but his average all-day (24 hour) efficiency when he 
works but 8 hours a day at the rate of 1 horse-power is 14% (See Table 
3 and lower half of Fig. 5). This 14% efficiency includes the energy 
,cost of maintenance during the 16 hours rest. In the engine there is of 
.cOUrse no energy expense (in the sense of fuel used) during the hou,is 

50. Nebraska Agric. Exp. Sta. Bul. 292. 1935. 
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when it is not used. So, although the horse is much more efficient 
energetically than the farm tractor while working, the all-day (24 hour) 
energetic efficiency of the horse is of the same order as the overall 
efficiency of the tractor while working. 

VI. RELATIVE MONETARY ECONOMY OF HORSE 
AND TRACTOR 

It is more difficult to compare relative monetary economy of horse 
and engine than energetic efficiency, because monetary economy de
pends on many more variable factors than energetic efficiency. The 
most obvious variable factor is relative price per Calorie of tractor fuel 
and horse feed. Thus, if it is assumed that a pound TDN, costing 1 
cent, contains 2000 Calories and a gallon kerosene, costing 10 cents, 
contains 41,000 Calories, then per 1000 Calories, TDN costs ;4 cent 
and kerosene costs ?i cent. But this is a one-sided estimate of cost 
because feed and gasoline prices vary and overhead investments for 
horses and tractors vary. There are, moreover, innumerable other 
considerations, tangible and intangible, which do not lend themselves 
to quantitative comparisons, such as income for young stock, utiliza
tion of pastures and other feed sources which might otherwise be 
wasted, superior adaptability of horse, considerations of initial in
vestment, smallness of farm for a 12 H.P. tractor, "keeping the money 
on the farm" etc. Tables 3, 4a and 4 b present estimates of efficiencies, 
energy costs and hypothetical monetary costs and overhead expenses 
of horse and tractor as far as they can be tabulated, leaving the reader 
to compare other tangible and intangible factors51• 

An important consideration determining to a roughly equal extent 
the monetary cost per unit work accomplished is the number of hours 
out of the 24 that the horse or engine is used. There are overhead 
investmen t and main tenance expenses which go on regardless of whether 
or not the horse or engine works. The more work accomplished, the 
smaller the overhead charge per unit work. Thus Table 3 shows that 
per horse-power-hour of work it costs 2.14 cents when the horse works 
12 hours a day, 3.5 cents when he works 4 hours a day, and 5.5 cents 
when he works 2 hours a day. Table 5, quoted from Missouri Res. 
Bu!' 197 (1933) by Professor Jones makes the situation more concrete. 
In this connection, table 4b by D. D. Smith and M. M. Jones, from 
the Missouri Agricultural Experiment Station Bulletin 197 (1933) is 
very important. 

51. The fol1owing quotation from Will Rogers, beloved American humorist-philosopher, ex· 
presses the situation bet"'er than any scientific dissertation: "The horse raises what the farmer eats. 
And eats what the farmer ra ises. But you ca n't plow in the ground and get gasoline. You don't 
have to pay some finarce company 10 or 15 per cent to own a horse." 
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TABLE 3-ENERGY AND HYPOTHETICAL MONETARY EXPENSES FOR A TYPICAL 1500-POUND WORK HORSE AND A TYP-
ICAL IGNITION TYPE FARM TRACTOR. IT IS ASSUMED THAT THE HORSE PULLS 150 POUND DRAFT AT 2.5 
M.P.H., OR WORKS AT THE RATE OF 1 HORSE-POWER. THE TRACTOR WORKS AT 12 H.P. WITH A GROSS EF-
FICIENCY OF 13.4%. 

~ 
H 
[fJ 

Hours work in U 12 10 8 6 4 2 0 [fJ 

Hours rest in 24 12 H 16 18 20 22 24 0 
q 

I. HORSE { H.P.-hau," 12 10 8.0 6.0 4.0 2.0 0.0 ?:I 
H 

1. Work Accomplished K.W.-hours 8.9 7.5 6.0 4 .5 3.0 1.5 0.0 :> Calories 7700 6420 5140 3850 2570 1280 0.0 
Cl 

{ Calories 46600 41300 35900 30600 25200 19900 14600 ?:I 
2. Energy Expended Lbs. TDN 25.7 21.8 19.8 16.9 13.9 11.0 8.0 

H 
() 

Factor correcting expended { Qr 
q 
t" 

energy for activity during rest = l.25Qs 1.04 1.05 1.07 1.09 1.12 1.17 I. 25 >-l 
q 

3. All day energetic efficiency % 16.5 15 .5 14.3 12.6 10.2 6.4 0.0 ?:I 
4. Calories per H.P.-haur 3890 4130 4490 5100 6300 9940 :.-
5. Calories per K. W.-haur 5210 5540 6010 6840 8450 13300 00 

t" 
6. TDN per H.P.-hour Lbs. 2.14 2.28 2.48 2.82 3.48 5.50 00 tr:1 
7. TDN per K.W.-hour Lbs. 2.87 3.06 3.32 3.78 4.66 7.37 00 ~ 
8. Cost of TDN per H.P.-hour (at TDN jl1.00 per 1001bs.) 2.14c 2. 28c 2.48c 2.82c 3.48c 5.50c "0 

tzJ 
II. TR4CTOR, { H,P.-haur 144 120 96 72 48 U 0.0 ?:I 

1. Work Accomplished K.W.-hours 107 90 72 54 36 18 0.0 H 

Calories 92600 77100 61600 46300 30800 15400 0.0 is: 
2. Energy Expended { Calories 690000 575000 460000 345000 230000 115000 0 .0 tzJ 

Gals. fuel 20.0 16.7 13.4 10 .0 6 . 7 3.3 0.0 Z 
3. All-d~y Efficiency 13.4 13.4 13.4 13.4 13.4 13.4 0.0 >-l 
4. Calories per H.P.-hour 4800 4800 4800 4800 4800 4800 00 (fJ 
5. Calories per K. W.-hour 6420 6420 6420 6420 6420 6420 00 >-l 
6. Fuel per H.P.-hour Gals. .139 .139 ,139 .139 .139 .139 00 :.-
7. Fuel per K. W.-hour Gals. .186 .186 .186 .186 . 186 .186 >-l 
8. Cost of fuel plus oil per H.P.-hour H 

0 
(fuel at lOc per gal., 20% for oil) 1. 7c 1. 7c 1. 7c 1. 7c 1. 7c 1. 7c Z 

III. HORSE vs TRACTOR 
1. Ratio: TDN cost per H.P.-hour. for horse to fuel and oil 

cost per H.P.-hr. for tractor 1.26 1.34 1.46 1.66 2.05 3. 24 
2. Co.t per 100 Ibs. TDN for above rAtio to equal one. 79c 74c 68c 58c 49c 31c 

(horse feed cost = Tractor fuel cost) 
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TABLE 4a. ESTIMATED YEARLY COSTS OTHER THAN FUEL FOR HORSE 
AND TRACTOR 

Depreciation 
I nterest and taxes 
Chore Labor 
Harness or Repair 
Housing 

Cost per day = 
Cost per H.P. = 

Total 

per Horse 

j\7. 00 
. 5.00 

5.00 
3.00 
2.00 

$22.00 
$0.063 

0.063 

Per 12 H.P. ignition 
type Tractor 

$101.00 
7.00 
7.00 
2.00 
3.00 

$120.00 
$0.329 

0.027 

TABLE 4b. DISTRIBUTION OF EXPENSES FOR MAINTAINING A 
WORK HORSE IN MISSOURI 

Item 

All feed 
Depreciation 
I nterest, I nsuran ce and Taxes 
Chore Labor (working only) 
Harness 
Housing 
Total 

Cost 

$44.42 
6.96 
5.56 
P} 
).3) 

2.31 
$67.31 

Per cent 

66.0 
10.3 
8.3 
7.0 
5.0 
3.4 
100% 

TABLE 5. THE INFLUENCE OF THE NUMBER OF HOURS WORKED ON THE 
COS,!, OF WORK PER HOUR 

Hours worked N.o. of farms. Feed cost per Total cost Cost per hour 
per year 1n group horse per year per horse of horse labor 

per year 

200 - 350 3 $41.02 $59.03 $0.203 
351 - 500 11 46.74 67.25 0.145 
501 - 650 13 45.04 63.76 0.114 
651 - 800 15 41.63 64.00 0.090 
801 - 950 11 43.23 69.75 0.079 
951 - 1100 6 48.40 74.75 0.073 

1101 - 1250 4 44.27 73.20 0.064 
1401 - 1700 3 49.77 86.23 0.054 

VII. ALIGNMENT CHARTS 
Some of the aforecited quantitative aspects of muscular exercise 

in work horses may be usefully summarized in the form of alignment . 
. charts, or nomographs, in the same manner as were summarized in 
Res. Bul. 239 the quantitative aspects of milk secretion. 

For the mathematical proofs of the five alignment charts here 
presented (Figs. 13 to 17) the reader is referred to the Appendix of 
Res. Bul. 239. The following discussion merely indicates the solutions 
-of the basic equations in converting them into the general equations 
-of the charts. 

Relation Between Tractive Pull, Speed, and Horse-Power 
The nomograph in Fig. 13 gives the relation between tractive pull 

(or draft or load), speed with which the draft is pulled, and horse-power 
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Fig. 13. Alignment chart for estimating horse-power from draft (tractive pull) and speed. 
Thus to convert a 200~pound draft pUlled at 2.5 miles per hour into horse~power stretch a 
string between 200 on left scale and 2.5 on middle scale and read the answer (1.33 horle-power 
on right scale. . 
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developed. Thus, if it is desired to find the horse-power developed 
when a 200-pound draft is pulled at the rate of 2.5 miles an hour, a 
straight edge is placed (or a string is stretched) across the chart be
tween points 200 on the draft scale and 2.5 on the speed scale, and the 
answer, 1.33 horse-power, is read on the horse-power scale. Draft 
values on scale A of course refer to horse-power values on scale A, and 
draft values on scale B refer to horse-power values on scale B. Similar 
technic is used in the other charts. 

or 

Fig. 13 is based on equation 
Horse-power = draft x speed 

H.P. = draft in pounds x 5280 speed in miles per hour (21) 
1980000 

=D x 0.002667 S. 
(D is draft, S is speed) 

Letting H.P. =2, D =X, and .002667 S = Y equation (15) may be 
written, 

2=X.Y (22) 
which, as shown in Res. Bul. 239, appendix 2B, is the general equation 
of a "2" type nomograph. 

Relation Between Body Weight, Work Accomplished, 
and Overall Energetic Efficiency 

A nomograph for this relation is given in Fig. 14. Thus, a 1000-
pound horse accomplishing 100 horse-power-hours of work per day 
(or 24 hours) has an all-day (including the time when he rests) mechan
ical efficiency of 17,U% (answer obtained on efficiency scale by stretch
ing string between 1000 on body-weight scale and 11 on horse-power
hour scale.) 

Fig. 14 is based on a partition equation for TDN, 
TND = 0.053MO. 73+ 1.27 (H.P.-hr), (23) 

in which the maintenance term is assumed equal to that found for 
cows (Res. Bul. 222 and 238). The work term (1.27 (H.P.-hr») is de
rived from the linear relation of Qo vs H.P. (equation (1» in which it 
is seen that 2300 Cal./hr. are expended per H.P. (above a constant 
for maintenance). 

By definition, the overall efficiency may be written, 

E = k H.P .-hr 010 
o TDN /( (24) 
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where k is a factor for converting the work and feed to the same units 
and multiplying by 100 for percentage. If TDN is expressed in pounds 
(1 lb. TDN = 1814 Cal), k = 35.34. Substituting equation (17) in (18) 
gIves, 

Eo= 35.34 (H.P.-hr.) 
.053Mo.73+1.27 (H.P.-hr) 

Taking the reciprocal of equation (19), 
1 .053Mo.73 + 1.27 (H.P.-hr) 

Eo 35.34 (H.P.-hr) 35.34 (H.P.-hr) 
or 

(25) 

(26) 

~= .00I500Mo.73 +.03594 (27) 
Eo H.P.-hr 

1 1 
Let .001500Mo.73=X,---= Y, and (- - .03594) =2, then equa-

H.P.-hr Eo 
tion (21) becomes, 

2 = X . Y (28) 
which is the general equation of the "z" type chart. (cf. Res. Bul. 239, 
Appendix 2b). 
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F ig. 14. Alignment chart fo r estimating overall, o r gross, energetic efficiency (on 
basis of 24 day maintenance) from body weight of ho rse and amo unt of work accom
plished per day. Thus, if it is desirable to find t he gross energetic efficiency of a 1000-
pound horse wor king at the rate of 11 horse-power-hou rs per day, stret ch a st ring 
between 1000 on left scale and 11 on right scale and read t he answer 17.5 %, on middle 
se,d e. 

"Feeding Standard." Relation Between Body Weight, 
Work Accomplished, and Feed (TDN) Needs 

47 

Fig. 15 represents the relation between body weight of horse, 
work accomplished per day (of 24 hours), and feed in the form of TDN 
required per day (of 24 hours). Thus a 1250-pound horse accomplishing 
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9 horse-power-hours of work per day needs about 21 pounds TND 
per day. Fig. 15 is supplemented by Tables 6a and 6b. 



TABLE 6a. POUNDS DIGESTIBLE NUTRIENTS REQUIRED BY HORSES OF DIFFERENT LIVE WEIGHTS WORKING 
DIFFERENT NUMBER-HOURS PER DAY* 

(Supplement to Fig. 15) 

Hours worked BOO' Y WEIGHT 
per day 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 

0 5 . 7 6 . 3 7 . 0 7 .6 8.2 8.8 9.4 9.9 10.5 1 .0 11.6 12.1 12 . 6 
I 6 . 1 6.8 7 .6 8.3 8 .9 9.6 10.3 10.9 11.5 12.1 12.8 13.4 13.9 
2 6.6 7 .3 8.2 8.9 9.7 10.4 11.2 11 .8 12.6 13.2 14.0 14.6 15.3 
3 7.0 7.9 8.8 9 .6 10.4 11. 3 12.1 12.8 13.6 14.3 15.2 15.9 16.6 
4 7 . 5 8.4 9.4 10.3 11.2 12 . 1 13.0 13 .8 14.7 15.5 16.4 17 . 1 18 . 0 
5 7.9 8.9 10.0 10 . 9 11.9 12.9 13.8 14.7 15.7 16 .6 17.5 18.4 19.3 
6 8.4 9.4 10 .6 11.6 12.7 13 . 7 14.7 15.7 16.7 17 . 7 18.7 19 . 7 20 .6 
7 8.8 9.9 11. 2 12.3 13.4 14.5 15.6 16 .6 17.8 18.8 19 . 9 20 .9 22.0 
8 9.3 10.5 11.8 13.0 14.1 15.3 16.5 17.6 18.8 19.9 21.1 22.2 23.3 
9 9.7 11.0 12.3 13 .6 14.9 16 . 2 17.4 18.6 19.9 21 .0 22 .3 23.5 24.7 

10 10.2 1l.5 12.9 14.3 15.6 17 . 0 18.3 19 .6 20.9 22.1 23.5 24.7 26.0 
11 10 . 6 12.0 13.5 15.0 16.4 17.8 19.2 20.5 21.9 23.3 24.7 26 .0 27.4 
12 11.1 12.5 14.1 15 .6 17.1 18.6 20.1 21.5 23.0 24.4 25 .9 27.3 28.7 

*Computed from the equation TON =0.053 MO·"+1.27 (H.P.-hr.) assuming that tractive pull of load was 10% of body weight and the speed was 2.2 miles per hour. 

TABLE 6b. POUNDS DIGESTIBLE NUTRIENTS REQUIRED BY HORSES OF DIFFERENT LIVE WEIGHTS DOING DIFFERENT 
AMOUNT OF WORK. * 
(Supplement to Fig. 15) 

H.P.-hrs. B-O-O-Y W-E-I-G-H-T 
work/day 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 

0 5.7 6.3 7.0 7.6 8.2 8.8 9 . 4 9.9 10 .5 11.0 11.6 12 . 1 12.6 13.1 13.6 
I 6.9 7.6 8.2 8.9 9.5 10 . 1 10 .6 11.2 1l .8 12 .3 12 .B 13.4 13.9 14.4 14.9 
2 8.2 8.9 9.5 10 . 1 IO.B 11.3 11.9 12.5 13.0 13.6 14 . 1 14.6 15 .2 15.7 16 .2 
3 9 . 5 10 . 1 10.8 11. 4 12.0 12.6 13 . 2 13 .8 14 . 3 14 .8 15.4 15 .9 16.4 16.9 17.4 
4 10 .7 11.4 12.0 12.7 13.3 13.9 14.5 15.0 15.6 16 . 1 16.6 17.2 17.7 IB.2 IB.7 
5 12 .0 12.7 13 .3 14.0 14.6 15 .2 15.7 16.3 16 .8 17.4 17.9 IB.4 19 . 0 19.5 20.0 
6 13.3 14.0 14.6 13.2 15.8 16 .4 17.0 17.6 18.1 18.6 19.2 19.7 20.2 20.7 21.2 
7 15.2 15 .9 16.5 17.1 17.7 18.3 18.8 19.4 19.9 20.5 ,21.0 21.5 22.0 22.5 
8 17.1 17.8 IB.4 19.0 19 .5 20,1 20.6 21. 2 21. 7 22.2 22.8 23,3 23.8 
9 19.0 19.6 20.2 20 .8 21.4 21.9 22.5 23 .0 23.5 24,0 24.6 25.0 

10 20.9 21.5 22.1 22.6 23.2 23,7 24.3 24.8 25.3 25.B 26.3 
II 23,{ 23.9 24.5 25.0 25.5 26.1 26.6 27.1 27.6 
12 25.7 26.3 26.8 27.3 27,9 28.4 28.9 
13 27.5 28.1 28.6 29.1 29.6 30.1 
14 29.9 30.4 30 .9 31. 4 
15 31.7 32.2 32.7 
16 33.4 33.9 
17 35.2 

*Computed from the equation TON =0.053 MO·"+1.27 (H.P.-Hr.) in which TON i. pounds dogeslible nutrients, M body weight in pound,. H,P -Hr.:s horae-power
hours of work. 
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Fig. 15 is merely an adaptation of equation (17) to an alignment 
chart. By letting TDN =Z, 0.053 MO.73=X; and 1.27 (H.P.-hr) = Y, 
equation (17) may be rewritten 

Z=X+Y, (29) 
which is the general equation of the parallel line chart as given in Res. 

Bul. 239, Appendix 2-A. 

Relation Between Body W eight, Work Accomplished, 
and Profit or Loss on Horse at Given Work and Feed Prices 

Fig. 16 represents profit, or loss, on work accomplished by horses 
of different size doing different amounts of work. Fig. 16 was con
structed on the assumption that feed for horses costs 1 cent per pound 
TDN, and accomplished work sells at 10 cents per horse-power-hour. 
The work accomplished by the horse may be estimated, with the aid 
of Fig. 13, from the load pulled and the speed with which it was pulled. 

Fig. 16 is also based on equation (17). By profi t we mean the 
monetary value of work done minus the cost of feed eaten. Assume 
the cost of feed to be $1.00 per 100 pounds TDN, and the value of the 
work done, 10c per horse-power-hour ($1.00 per day for a 10 H.P.-hour 
day). 

Profit=O.lO (H.P.-hr) - 0.01 (TDN). (30) 
Substituting equation (17) in (23) gives, 

Profit=O.lO (H.P.-hr) - 0.01 (.053Mo.73+ 1.27 (H.P.-hr)) (31) 
or 

Profit = 0.0873 (H.P.-hr) - 0.00053Mo.73. (32) 

Let (-0.OO053Mo.73) =X, 0.0873 (H.P.-hr) = Y, and Profit=Z, then 
equation (31) becomes 

Z=X+ Y. (33) 
Equation (27) is the general equation of the parallel line chart (Res. 
Bul. 239, Appendix, 2A.). 

Relation Between Body Weight, Work Accomplished, Profit Per Unit 
Work Accomplished, and Per Horse at Variable Feed and Work Prices 

Fig. 17 enables one to estimate profit per horse-power-hour (or 
per kilowatt-hour) from any price per unit feed (price per pound TDN) 
and unit work (price per kilowatt-hour or horse-power-hour). 
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Fig. 17. Alignment chart for estimating profit or loss on horse and on unit work, from feed cost, % efficiency of vmrk (estimated from Fig. 14) 
and value of work accomplished. 

The broken line indica tes the solution of the following example . Begin at left side with feed cost (70 cents per 100 pounds); connect with per
centage TON in feed (70% TON); extrapolate to TON cost axis which gives cost per unit TDN (l\1.00 per 100 pounds TON). Connect 1I1.00 on 
TDN-cost axis with. efficiency (17.5%); c~trapolate to line t, connect this point on line t with value of work (assumed 10 cents per horse-power-hour) 
and extrapolate to profit per unit work line (8 cents per horse-power-hour), Connect this point on the line indicating work done (10 horse-power .. 
hours per day) and extrapolate the profit per horse line, indicating a profit of 81 cents per day, the answer. 
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For constructing Fig. 17, equation (18) is written in the form 

(34) 

Then profit becomes, 

P fi (H P h ) (k (H.P.-hr.) 
ro t = C2 ..- r - Cl-----'-

( Eo) 
(35) 

(Cl = cost ofTDN per lb. and c2=value of work per H.P.-hr). 
Dividing by (H.P.-hr) gives, 

Profit =C2 _ Cj (35.34). (36) 
H.P.-hr ( Eo ) 

Equation (30) may be simplified by the following substitutions: 

35.34 
Profit=Z --=B 

H.P.-hr=Y 
Cj (cost of TDN) =A 
C2 (value of work) = E 

then equation (30) becomes 

Z 
Y =X= - (A. B - E). 

Eo 
A.B=D 
D-E=-X 

(37) 

The following charts are then used to solve the component parts of 
equation (31)52. 

A.B = D 

is the general equation of the "Z" type chart. Proceeding with the 
solution, 

D-E=-X 

is the general equation of a parallel line chart. But X = ~ (equation 
Y 

31) is the profit per unit work. The final solution ofX=~ or X . Y = Z 
Y 

is accomplished by a "Z" type chart. Thus, equation (30) is solved 
by a series of charts which are combined into one in Fig. 17 with the 
addition .of a "Z" type chart for converting from cost of feed to cost 
of TDN by the formula 

feed cost 
c[=-------

% TDN in feed. 

52. The method of construction of this chart is identical to that of Fig. 10 Res. Bul. 239 de
scribed in Appendix 1 equations 4-7. 



54 MISSOURI AGRICULTURAL EXPERIMENT STATION 

SUMMARY AND CONCLUSIONS 
1. The maximum gross, or overall, efficiency of muscular work is 

of the order of 25% in large and small horses and also in humans; that 
is, of 100 Calories total energy expended during heavy work, such as 
pulling loads or running, a maximum of not over 25 Calories can be 
recovered in work accomplished. The remaining minimum of 75 Cal
ories of the expended energy is dissipated in various ways described in 
the text. This 25% maximum efficiency level is approached exponen
tially with increasing work rate. 

Since the overall, or gross energetic, efficiency, of muscular work 
is the same in large (1500-pound) and small (600-pound) horses and in 
still smaller humans (150 pounds), the important conclusion follows 
that overall efficiency is independent of size of animal. This conclusion 
is in line with the conclusion in Res. Buls. 238 and 239 that energetic 
efficiency of milk production is independent of body size, and sub
stantiates Kleiber's theory that the efficiency of productive processes 
should be independen t of body size. 53 

2. The ratio of maximal oxygen consumption during exertion 
(not including oxygen debt) to minimal energy expenditure during 
complete rest ("basal metabolism") appears to be of nearly the same 
order in I500-pound horses and I50-pound men, namely, about 20. 

3. The ratio of maximal energy expenditure during peak efforts 
(including oxygen debt) to basal metabolism, appears to be of the same 
order in horses and men, namely, about 100. 

4. The ratio of energy expenditure during sustained heavy work 
8 hours a day as encountered in daily life, to basal metabolism, appears 
to be of the same order in horses and men, namely about 8. 

5. It is concluded from 1 to 4 above and from the fact that 
energetic efficiency is independentoflive weight that work-rate capacity 
of animals is proportional not to body weight but to basal metabolism, 
that is, to body weight raised to the 0.73 power.54 

6. The total gross55 and netS5 costs of work increase practically 
linearly with increasing speed, load, and horse power. The gross and 
net costs per unit work, or per unit power, decrease hyperbolically with 
increasing power. But the total absolute5" cost and efficiency, as also 
the absolute cost per unit work or power, is nearly, but not quite, in
dependent of rate of work, that is of power developed. The absolute 

53. For a detailed discussion of Kleibe'r's and Gaines idea on this matter see T\1issouri Research 
letin 222. 

54. It is shown in ;"IisSQuri Res. Bul. 220 that basal metabolism varies with body weight raised 
to the 0.73 power. 

55. Net energetic cost and efficiency of muscular work differs from gross energetic cost and 
efficiency in that while gross includes energy cost of resting anim:ll~ ntt does not include the expense 
of the resting animal, but only the cost in excess of resting. For a given power developed. net cost 
is lower and net efficiency higher than gross. The maximum net efficiency of the horse appears to 
be of the order of 27% or 28%. Absolute energy cost and efficiency of muscular work does not in
clude the expense of the walking animal without a load. 
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energy cost per megafoot-pound56 is of the order of 1000 Calories, or 
about 2000 Calories per horse-power-hour, practically independent of 
the work-rate. Absolute efficiency is likewise virtually independent 
of live weight. The absolute 57efficiency is of the order of 30%, actually 
decreasing somewhat with increasing horse-power. The decline of 
gross and net cost per unit work with increasing work rate is hyperbolic, 
the asymptote of which is the absolute-cost curve. The reason for 
this decline of cost per unit work with increasing work rate is that the 
higher the work rate, the smaller the fraction of total energy expense 
that goes for maintenance or for mere walking without a load. When 
the work-rate is very great, the overhead maintenance expense becomes 
negligible by comparison with total energy expense so that the gross 
and net costs per unit work become almost identical with absolute cost; 
that is, gross and net costs per unit work approach asymptotically the 
absolute cost. 

The absolute efficiency concept is of considerable importance 
because cost of rest and also, in a sense, cost of walking without load, 
are overhead expenses not directly involved in the performance of the 
work. Moreover, while it is not possible to compute overall (gross) 
and net costs and efficiencies without involving the time factorS7, it 
is possible for absolute efficiency because time does not enter in an 
explicit way into the computation of absolute efficiency. 

7. The influence of various factors on efficiency and work output 
is discussed. In addition to body weight, load, speed, and horse-power, 
a brief discussion is given on the influence of environmental temper
ature, humidity, diet and cardiorespiratory system, especially coronary 
blood supply, on efficiency and power.58 

8. A comparison is presented (in Table 3) of relative energetic 
efficiencies and monetary costs of horses and farm tractors for per
forming unit work. At a rate of 1 horse-power, the gross efficiency of 
the horse while working is about 18%; of an ignition tractor about 13%. 
The all-day gross efficiency, including the energy expense of main
tenance during idling, varies of course with the number of hours worked 
per day. Thus, the all day efficiency of a 1500-pound horse working 
a t the rate of 1 horse-power, is a bou t 17% for 12 hours work; 16% for 
10 hours work; 14% for 8 hours work; 13% for 6 hours work; 10% for 
4 hours; and 6% for 2 hours. (The all-day efficiency of a horse includes 
the expense of idling as well as that of work.) The tractor on the other 

56. Megafoot-pound is 1,000,000 foot-pound •. 
, . 57. GroS! cost. and .efficiency includ~s the overhead maintenance cost of the resting animal
whIch, of course vanes WIth the .t1.me req491red to perform the task; or with the power developed; the 
same 15 true of net cost and efficIency. Absolute" cost however docs not include the maintenance 
cost of the re~lting o~, walking animal, and its value is, o~ the surf~ce, independent of time. 

58. By power we, of course, mean work rate, such as horsC!wpower, which is work at the rate 
of 33,000 foot-pound. per minute. 
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hand expends no energy while idling, so that energetic efficiency of a 
tractor concerns only the efficiency of work. A comparison is also 
presented in Table 3 between assumed monetary fuel costs of per
forming a given amount of work (horse-power-hours or Kilowatt-hours) 
by horse and tractor. 

9. Five nomographs are presented for rapid computation of horse
power from draft and speed respectively; and gross energetic efficiency 
from weight of horse and work accomplished; feed (TDN) requirement 
from weight of horse and work accomplished; profit or loss on horse 
from his body weight and work accomplished at constant and variable 
prices of feed and work (horse-power-hours or kilowatt hOLlrs). 
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