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 Abstract -

A.comparisbn of'wélking against vérﬁic31 (graqi¢nt);énd |
horizontal (trailing weight) fofces was made durihg steady—rate. ;
exercise at "0", 256, 500 and 750 kgm/min with speeds of 3.0,4.5
and>6;0 km/hr.‘ Invail caSeS‘exponential relationships between
| caloric,COSt_énd incféaéing work rate and‘spéedeere observed.

These exponential felaﬁionships indiéatéd that muscular efficiency
:dufing walking is inveréély rélated ﬁo épeed‘and WOrk-rate; "Work"
(1level, unloadcd walking és the baseline chrecﬁion),."delté"
(meaSUred work ratg as the baééline correction) |
~and "instantaneous" (derived from the equation describing the.caloric
cost of work) cificiencies were computed. All definitions, Qork |
(range of 21.0% to 43.9%), delta (19.6% to 43.9%) and instantaneous
(18.3% to 44.1%), yieldéd'décreasing efficiencies with increasing
work rates. At work rates above 250 kgm/min the curves describing
the‘relafionshjp between caloric cost and work réte were parallei for
verﬁical and horizontal forces, indicating equivalent éfficiéncies_iﬁ
this faﬁge; 'Only.the délta and instantaneéus définitions accurately
describéd'these_felationéhips for vertical and hérizontal work. Of
these two, the delta efficiency estimation'was Jjudged to be

superior as it'is based directly on the raw data. The work
effiéiency definition was foﬁnd inadequate when the relatidnship ‘

between caloric cost and work rate is non-linear. Determinations

¢
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'ﬂiof'combihédiWQrk loads (gradient plus trailing weights) were
".madeland the energy.costs”Of both types of work found to be

. additive:‘

Key Words: exertion, exercise, efficiency, energetics, work, indirect

-~ calorimetry, steady-rate, steady-state, walking.



- Introduction

_ A-variety of methods have been developed to quantifyrthévWOrk
aécomplished in walking and-running. Several of these methods have
" estimated the-fdrces involved by means of cinematography (5,6,13),
fofce:platésw(6,7),vaCcelerometersv(556), and sensor transducérs
3.(17,2151 Othepfanprbaches have inQolvéd the imposition.ofnadded work
bynméans of -gradient wélking (?,3;12?20, 22,255, wind resiétanCe.(22) |
and trailing weights (17,30). All of thesce methods have been employed
-to‘deférmine the éffects of work rate-on energy experiditure and |
'.efficiéncysof bipedal.loconmtion in man. Tt has ganer@}iy,beén assumed
ﬁhat¢thesé‘méthods.provide'comparable‘resulps in their dctéfminétions
of energy éxpenditure and effidiency. ‘However, the'oneAstudy (22)
that has compared two methods of applying work suggests that'thére
are differences in energy cost and,efficiéngy that may be the .
'fesult-of the manner in,which forceé~afe distributnd over the bedy.
| The effecfs,of speed and work rate on_the-energy expenditure
“in waiking have been the subjects of a number of'investjgations‘which’
‘in'many cases, have found the relationships betWeen_caldric,output .
"and ‘work raté nr speed'to‘be exponential in nature. Yet; fewnreSGarchers
nave considered what-effectsAtnese two factors of work rate and |
'sneed’mignt have on the efficiency of>walking. As efficiency répresents

the. ratio of work accomplished to'energy expended, the exponential
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nature of the energy expenditure cﬁrve wouldvsuggest a decreasing
efficiency with increasing work rate or spééd, |

In a previoué study‘Gaésser and Brooks (14) demonstrated
that‘the_baseline'cdrrection factor in efficiency éalbulations:for
energy_expenditure'is critical in providing an accurate deséription
of efficiency_and its relationship to work rate. A"Net"l and'
nngSS” efficicncy calculations ﬁroved Inadequate in this respect,
' yielding results that were artifacts of the cdmputation. :They,
therefore, defined "deita" efficiency as the faﬁio of change in
.éxternai_wdrk'rate to associated change in energy expedituré." For
: cyC1ing,;in which the relationship between energy expenditurefahd
derk raté'is eésentially linear, the "work" énd delta efficiéncy
.calchatiohs'pPOVided-similar resulﬁs. It was suggested, ﬁowey;r;
that giyen a_cleérly noh—linear rélationship between energy expenditure
- and work'raté, as is sometimes found invwalking, the wbrk
'defihition wouldtfesult inverroneous estimates of éfficiency while
the_deita,c31Culétions would pro&ide more valid results. .

The purposes of this present study were tof 1) compare the
enéfgy:expenditﬁres and efficiencies of walking4against vertical
' and horizontal fofces, 2) determine if»these two types of work

(vertical and horizontal) are additive with respect'to their energy
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costs, - 3) describe the effects of speed.and work rate ﬁpon the
energy expenditure and efficiency of walking, and M)vevaluate the
édequacies.df various baseline corrections in describing relationships.

between calofic'expenditure, work rate and speed of movément.
Methods

- Subjects for this étudy weré nine Well conditionedvmalés..

between the.ages of 21 and 30 years. Treatment of subjects was
: consisfent with the principles of the Declération of-He;sinki;v
.aﬁd written informed consent was obtainéd. Each subjéct was
exercised on a Quinton Treadmill (Model 18—60).for a total of 8

times under three different conditions: 1)_wa1king on.a level treadmill
vvagainst a horizontal impeding force,:2) walking up VariOus gradients
| on the treadmill, and 3) walking on the treadmill at a set gradient
agéinstza,horizontal impeding force. Under ;he first condition subjects
performed one trial at each of: three speeds (3.0,4.5, and,6.0 km/hr) on
separate days...The horizontal impeding forcé‘was applied by attaching
abweight to a cord~ﬁhich was connected - to an 8 inch wide canvas belt
around the subject's waist and éuspended over a pulley supported
on a heavy meﬁal.ffame to the rear of the treadmill,,(see Lloyd énd

Zacks | - 17). The height of the pulley was adjusted beforevand during



each run to insure that the cord was parallél to the walkihg surface.
' During:each trial the weights were-progféssively‘inéreased tQ»
_'achiéve added_wofk rates of "o", 253, 500 and'75b kgn/min. To
achieve a “steady—rate" of ﬁOz,.the exercise bouts were 5,6, 7 and 8
.minutes for work Pafes of 0, 250, 500 and 750 kgm/min.,.respegtiyely
(27). Rest intefvals between work bouts were équal in duration_to
" thie previous wﬂrk'bout;: The eXperimental design for the seéond
condiﬁibn was identiéal'tO'that of tﬁe first with the ekception that
the work rates were élﬁered‘by'adjusting thé1treadmill'gradient; |
Subjécfs WGfe welghed before eaéh-trial to insure accurate calculation
of‘phe work réte. Under this second condition work rate was equali
to the broduct of the'subject's body weight, treadmill speed and
fpércént gradient. For the third condition sUbjeéts performed one
trial at each.of two gradients (3% and 6%) at a épéed bf .5 km/hrf‘
'During eachiof these trials "added" work ratés of 0,250, SOO’aﬁd_YSO'
kgm/min. wer¢'induced by'méans of the horizontal impeding force |
'»described infcondition»one. Again, the levei of the pulley. was
._adjustédrso thét’the_cord wais parallel to the Walking»sufféce,'bThe -
duration of the exercise bouts were 6, 7, 8 éndVQ-miHQtes for added -
work rates of 0, 250, 500 and 750 kgm/min., respectively. Rest -
intervals between work bouts‘were equal to the duration of the
previous work bout. In all cases subjects were allowed at least 48

- hours between trials. Subjects were required to have eaten their



last meal at least 2;hohfs before a trial began.
o Subjects inépiredArOOm air thfough a’Daniel's low resistance
- valve. 'Expired'air'Samplesiwére §dliéétéd‘in'a 120 litef Tissét
spirometer dﬁring the lést one to twb hinuteé’ofbéaéh éxerCise bQut.
Gds_analysés weré perfbrmed by pumping‘expired air from the.Tiésot
Qver_color i'ndicatof'.;(}aSOu and through Beckman F2 O2 and IB-1 CO
anaiyzer° ” The'anélyzefﬁ were callbrated before durlng and after
each oxperlmont wzth oamplc% from tanks of’ known gases (vstabllghcd
by Scho11andor and‘Haldane analyses). ’ o
o Steady—raée ﬁoé and V002 were caléulated.(S; 11,p.300-309),
and éﬁe resniratory éxchahge ratio (R) was used to estimate éaloric
oﬁtbﬁt (11, p.628)€ The%déta obtained on each Subjeét were used Lo
calculate effi¢iency ﬁsing both work and delta definitions as
‘pfésented nréviously (]U) | |

The work efflclency def1n1t1on has been w1dc1y used in walklng‘
}studlcs as un]oadod walking convenlently serves as zero work rate
fYom Wthh one can make the bdsellno correctlon for energy expendlturc
Whllc the deltd efflclency calculatlon has only. recently bcun developed,
it has buen 5hown Lhat the delta efflciency calculatlon beot descrloes
chqnges in eff1c1ency when there ex1sLs a non—llnoar re]at10nsh1p
vbotwoen work rate and onergy oxpondlture (]M) The ¢rOss and net

' efflciency delxnltlono, which have traditlonally onloyed wndc use in



oyeling stndies,_ano the’recently described theroretlcal—
: thernodynamic_appranh (28) of calculating efficiency_were not
considered for reasons discussed previously (14).

lnstantaneous effioieney was determined from analysis of
the’eurve,describing'the:relationship-between caloric expendlture
and WOrk rate. This type of calculation has been oreviouslyr
~employed in studies_where_the relationship}between;energy_eipenditure
and work-rate was linéar (17, 28). In those cases efficlency was
acalculated as the inverse of the slope and yl(ldcd values comparable
vto work or deltx efficiencies. In instances where a-plot of energy
eXpenditure (y) against work rate (x) is exponential_ln'nature and
is oescribedvby the equation y=aebx,.efficiency can be calculated as
the‘recioricol ol tne first derivative of that eqnation describing

the curve (EfI=(abebx

)—l). This method provides antinstantaneous
efficlency value al any given work rate. Eqnations_describing‘the
relationships betWeen caloric, eXoenditure and work rate were obtained

. by ]east squares best fit analyses

' P or energy expendlture and eff1c1ency data,. repcated measures .

. analyses of Varlance(RhANOVA) were conducted to determlne if

31gnificant dlfferences ex1sted between any of the factors being
considered (speed, work rate, efficiency definltlon, - type of force

imposed) . Where appropriate Duncan's multiple range tests were -



applied to further determine where differences existed. Individual
F tests were carried out separately for both the work and delta

‘efficiency caleculations. -



Results

» Figure'l présents the relatioﬁships of enefgy expenditure ﬁo-
work rate for both gradient and loaded horizontal walking. This figure
demonstraﬁes thét in all cases the caloric costs rise eXponentieliy.
as work_rate increases. At‘any given speed the curves for vertical
and herizohtal work are essentially parallel between work rates of
Flgare 1 250 and 750 kgn/min. The results of REANOVA indicate thot the
| ~ divergence in caloric cost -at the 0 to 250 kgm/mln increment, leads -
to the absolute onergy exprndlture at a given work rate htxnp
slightly, but signiflcantly (p £.05) hlgher for horlzontal work.
It can also be seen in Figure 1 that at a ‘set work raLe the energy
.expenditure increases exponentlally as the speed increases.

Data dn the work (W) ahd delta (A) efficiencies as a function
of work rate are presented in Flgures 2A-2D. 1In all cases efficlency
is seen to decrea e as Lhe result of incrcaslng work ratc. The
work efficiencies (2A vertical, 2B horizontal) are widely different

Figures 2A - at 250 kgn/min., but show a tendency to converge so that at 750 kgﬁvmin., :

2D there are only small, but significant, differences between the
efficiencies.of the horizontal and vertical work. . Tndividual F- tes £
results indieate that the delta efficiencies for the two forms of
work (2C vertical, 2D horizontal) are only sjgniflcantly different .

,at ‘the 0-250 kgnvhun step



Figure 3

Table 2 -

OO0 o460y 97 9

Effects of speed on efficiency for work and delta efficiency

definitions are given in Table 1. These data have been'calculated

V,aS'previously described for bicycle ergometer work2 (1“);"In every

- case the calculated efficiency is seen to decrease as the speed

increases. This is illustrated in Figure 3 where the data for

both horizontal and vertical work at 500 kgn/min. are plotted.

. [ '
‘Results of REANOVA indicate that within a definition (i.e.; either

~work or delta) there is no significant difference between efficiencies

of vertical and horizontal work at any speed or work rate..

Equations for the curves dc,cribinp caloric cost an a function of

-work rate are presented in Table 2 Also presented are the instantaneous

efficiencies derived from these equations and, the delta

efficiencies for s1milar work rates. In most_cases the 1nstantaneous

' efficiencies, derived from,curve analysis,‘are_comparable to' the

delta efficiencies. REANOVA indicates no significant differences

between efficiencies calculated by instantaneous and delta definitions.

‘Both the- delta and instantaneous effi01encies demonstrate decrea51ng

" values with increa51ng work rate

In Figure N arc presented the additive effects of combining
both vertical and horizontal work Results of ‘the combined - work rate :
studies, when plotted as energy expended versus work rate, is seen to

be superimposable on the curve for horizontal work alone at the same speed.



Figure 5
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Discussion

The resultsiof this study clearly indicate exponential
relationships when plottlng energy expendlture as a function of
speed or work;rate during walking - . (Figure 5). With regard to the.:
relationship between energy_expenditure and speed of monement,vthe'
present results corroborate previous studies uéiné,bOthvievel (1,2,

3,4,15,16,21,23,29) and gradient walking (2,3,12,19). With regard

to the relationship between energy expenditdrezand external work

rate, our present data support pfevious results (2,3,20) describing

an exponential relationship between onérgy’expendituré and work.
The prescnt res Ulto are, thoreforo, at valiance with- those suggesting

either a linear or complex, pdrtiy 1inear and partly exponential

.relationshlp between energy expenditure and work during walking (Q 15, 22 25)

The above described.relatlonbhips indicate exponentialiy

fising energy costs in walking with increases in speed or work rate.

| Asipreviouslyfpointed out (14), this,diotates_deCreasing.efficienCyﬂ

In Figures 2A-?D the data demonstrate this decrease in both delta .

'and'work'efficiencies for increasing work rate under all conditions - .

studied Howover, if we consider the energy expenditure data in
Figure 1 we find that except for that portion bctwoen 0 and 250 kgm/min

the curves descmbinD the relationship between energy expenditure i o *
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“and work' rate are parallelv’ These reSuits indicate equiQélénf,'% "v
muscular efficiencies fbf_both vertiéai and-hérizontal'work”in £he.

| rangezdf’250;750ikgnvmih} Whénfdbmparing delta;and work efficiency

| CéléUlations, Oniy the delta éffiéiency calculation iiéldsgthesé
_reéuits. .Thé-WOrk éfficiency céléulatidn=pfoduces significantly.
different values bétwéen_verticél and horiiontalvwork 5ecause'the
baSéiine'COrrection factor fof‘énergy'expenditure:in tﬁé'work '
'efficieﬁCy definition remains constant. ‘Thus the relatiVély greater
: éhéhges.in'éneﬁgy'cost at'highervwork rates aré'avéfaged in with
"'%héfiéQSer'changeé at lower work}rates;‘résulting in iﬁflatéd'
_efficiegdy values at higher'work'rates.' The delta definiﬁién; \
therefbfézlprovidesfrésulﬁs.more.in”agréement with those implicit

“in the steady-rate V0, data.

2
Under experimental conditions in which.the"energy.expenditufe
fisesﬁeprhéﬁﬁially with respect to increases in work réte'thé
efficiency'shbﬁld théoreticail& be constantly decreésing.-'Fof.this'
situatién'the iﬁstantahéons effigiency calculation has the advantage
of providing an efficienby estimate for any work rate selecﬁgg.
However, the primary disadvantage of this method is that the
‘efficiency is ﬁbt’deriyed directly from the raw data (as with delta

effibiénciés);"but fétbér’ffom a curve of best Fit to that'data.
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Attempting.to describe a,cﬁrvevby a least sqﬁares.fit analysis can
_reSult‘in predicted Calofic cost$ and efficiency estimates at
variance with the raw_data. .Perhaps the mpst éccurate metth_of
asséssing muscular efficiehcy'is to emplby the delta definition
along with nﬁmerous bbser?ations at not>great1y.different |
gradatidhs in work rate.

The decrease in efficiehcy with inéréasing speed,'as
'vdemdnstratéd.in'Téble 1, reflects-the'increasing eﬁergy cost of
walking at any giVen éxternal,work raté with_an increase  in speed.
To ‘describe these‘phenomeha the cdlcu]ation»fbr efficienéy required
altération2 as the standérd.work and delta_definitions of efficiency :
doﬂnot'ﬁake into éccount speed of éhangeé iﬁ sbeed. ‘However, |
‘it could be debéted that an increéSe in speedlreally decreéses efficiency.
Figurenl demonstrates that the curvés'deéqribing the relationship'-

,’betweén ehergy expénditure ahd.work rate for both horizontal and
‘vertical work are‘verylclose,to para11e1.at all speéds._ When
"  combaring any'tWOxspeeds of/avconstant;external work'raﬁé,the'
absolute caloric costs may differ, but with a change in WOrk  :
raéi'the'change in energy expended is'sindlar..-Iﬁ a'sehée the 
increaéed speed-raisés the energy of activation of bhe System, but .
adaed'external work may be pérfﬁrnﬁdeith 1ittle’éhangevin'v

efficiency. Thc effect of speed may, therefore be
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to increase internallwdrk. ﬁalston énd co-workers (18,?4) employing '
~ cables attached to'the body from sensor tfansducefs, haVe‘establiéhed
- that_most of‘the:work in level walking is involved in the changing
'aécéleration_of 1egs‘and‘torso along with the vertical 1ift of thé"‘ 
torso. It is probable that at faster speeds‘disproportionately more
WQPk in involved in acéeierating fhe‘limbs and torsb résulting in
inéfééééd energy expénditure. With increasing work rate, force-and
speed, a shift from red, slow twitch skeletal muscle fibers to the
less éfficientrwhite, faét twitch Tibers may also affect energy."

It is interesting.to ndte that while exponential relationships
: betWeen energy expenditure andispéed or work ratevduring wélking'
have.been realized for years, the obvious implications these.
observations héve_cdncerning muscular efficiency has recéived little
attentiOn. Tﬁough'Bobbert(2) observed such exponential relationships
 he could not find é consistant decrease in absolute_(work)
efficiency. Bobbert did find an increése in gross efficiency with
an incréase.invwohk rate. HoWever,'reCently_it has‘been shown.(1U)
that this apparent increése in grbss effidiency is an artifact of
' the mode of calculatién. Perhaps Bobbeft wéuld have found a decrease
in work efficienéy had he kept the work rate constant for each.subject
instead of the gradient which varies the work rate accordiﬁg.to the

subject'é body weight. Other researcheré (12,22,25) have apparently
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been primarily concerned with determining ﬁhe overall mean efficiency -
for walking. Typically these investigations have measured the
‘energy expenditure of a few subjects at numerous work rates and
speeds, then compiled the data to détermineﬂthe'mean efficiengy
along with a range. Illustrative of this point is the study of
Smith.(25) vho reported a mean Value for effiéiency~of 31.3%w3,
with a range of 25.2% to 48.74W. While we-obfained similar results
(mean '32__.3'%14, range 13.3 to 66.6%W) our data demonstrate that th'is.
range is not a random one as it ié.often presented, but ordered |
- in'a decreésing Fashion aé the work rate igvincreased. As the
efficliency df walking is dependent upon the work rate, the_determinétion
~of ah overall mean efficlency is of little value in attempﬁing to
vundersténd muscular efficiency during walking.

Both mechanical and muséular factors may play important roles’
in increasing the enérgy'cost’of walking as the work rate or speed
rises. Dean (10)1ha§ suggested two mechanical conéidefations that
might. influence energy expenditure as gradiehf is increased. For
level walking, a glven energy'expendituré.is required by the vertical
oscillations of the body;_these are diminished as the gradient increases.
v The diminﬁtion is related to the fact that at steeper gradients-the |
vertical 1ift is used to obtain height. The energy expenditure

for'walking dt level or shallow gradients would then be somewhat
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ihflated, thereby elevating the lower paft of the eurve<for-caloric
: output and work, giving it an exponential shape. In effieienCyb
.céiculations,_where vertigal,oecillations are not considered in _the
eXternal work aceomplished end.where the caloric‘cost of 1evel
wa]klng serves as the. basellne correctlon for energy cxpenthure,
vuse of. the 1nf1ated' basellne determlned durlng hor17onta1 wa]kln
:could result in hlgh ca]culated values of efflcleney at 1ow work  t
rates Thus the dlfferences 1n efflclen01es for hOPi/OnLdl (Pigures 2A—?C)
and vertical work (Pigures 2B-2D) at lower work rates;nmy‘be
attributed to this baseline effect which would not affeet the calculation
6f hefizental walkiug efficiency. In Figure 5 it can be_seen.that the
ﬁoﬁ;work pointe'are‘somewhat off the lines describing the otuer mean
data poihts | | |

To explain the exponentlal nature of the upp 368 half of the
curve of caleric output on work, Dean has suggested an increase in
euergy expended esfthe result ef excessive lean to maintaiu_balance
'ét steeper'grédes. To support his argument he c1te% studies on miners
1ndJcat1ng greatly reduced efflclency when leanjng over whlle walklnb
This factor of  torso inclination might also be applled in explalnlng '
- the- exponentlal curve for horlzontal work,and energy expendlture, as -, :
« subJects contlnually leaned forward to compensate for increased masses ‘

of trailing weights.
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In the present study'it was observed that the-relationship
between energy expendifure and work rate was similar for both
'Vertical (gradient) and-horizontal (trailing»weight) work. This
similérity is reflected inlthe calculated:efficiencies»which are
essentially iaentical'for both types of work except at thevlower
wOrklrates (Figurés 2A-2D). The present'results'aré-not in agreement;‘
.With those of a previéﬁs study'by_Pugh (22)'¢ompafing verticél x
v(gfadlént) and horizontal (wind,resisténce) work. - In his study itv
‘was shown thaﬁ the relationship betweén.enérgyvexpendiﬁure and work
' réte waé liheéf_fér'horiZontal while curvilinear and much'steeperL
for verticél work. Consequently Pugh obtained'much higher.efficienéiesl
for-horizontal'(u3.7%W) than for verticaliwork (33.49W). 'Pugh..‘;
sﬁggestéd'that the obserQed discrepancies were a resulf of inhefent
differences in twovtypes of exercise during’the‘distributions of'work
in the vérious phases of walking. Oﬁr'type df.hdrizontal force
(trailing.weight) Was_different from his (wind reéispancé) allowing
_ for the possibility that the anatQmical distribution of horizontal.
work was mofe like that in vertiéal'wofk.in'our comparison than in
‘Pugh'é. However, glven his higﬁ mean efficiencies for walking (43.7%W)
and running (69.0%W), it is possible that he overestimafed work
accomplished against the wind; Not only did Pugh's eéstimation of

work . involve numerous caleulations based on perhaps imperfect models
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but he did not account for the subjects leaning into the wind which
he admits may _have reduced dfag and increasédvlift,fthereby.'
reducing work. )

The horizontal and‘vértical characters of work studied infthis
investigatipn are appafent]y not only comparéble in their effects on
energy expenditure during walking, but the energy costs of the twd
types of wdrk are also‘simply:additiVe. In Figure L it is h
démohstrétéd that theyéombined‘work rate déta are:supefimposable on
the curve for horiznﬂtai work alone at the same speed. - Since the
changos in work raﬁés were accompljshed by increa§ing the horizontai
-force, these results wéré anticipated. Though it was not considered
in this study, if‘would be_eipected that were the trailing weiéht set
_and_the gradiént v&fied'to change the work rate, th¢ curve Qf thié
combinedbwofk would supérimposelitself upon the curve for vertical
.work at the same speed; | | |

Studies embloyihg gradient work have typically shown that the
effiéiency‘of funning.is much higher than that for walking.
Determihations of efficiendy usually prqduce efficiencies of about_
,MO%w'or_greatep for running (19,22).énd only about 30%W for Walking '
(2,12,22,25). Pugh'(225 deronstrated a similar differenée for work

against the wind though there may be sbmefproblems'with his fesults_
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‘(g;gg_ggggg). To our knowledge, the present_investigation is the.
first study employing the trailing weigbt meﬁhod of determining work
fqr'walking. The trailing weight method has previously been used
by_Lloyd and Zééks (17) and Zécks (30) to determine the work.efficiéncy
of runhing, which they found to be abouf 35%@. In our study the meén
effieiency“as woﬁld be calculated by tﬁese othér authors was 32.3%W.
Obvicusly the large differénces between running and walking noted

in Vertical work do hot'appear when the efficiencies are determined
by trailing weights. A possible explanation.for.ﬁhis.could be‘thét
the e1astié recoil foree that has been proposed to cause thé difference
betWeen,running and'wélkiﬁg up gradients cannot bé'utilized as :
efficiently to o&ercome a forcé-directéd in a horizontal direction
.aS'it’is‘for vertiéélvwork.“Another possibility‘which must be seriously
coﬁsidered,ié the qdestion of the validity of indirect, open-circuit -
calofimétfy fdr:running,enérgy'estimations. Even with fit individuais
and-relaﬁively slow running'speeds, the caléric output may.be S0 high
as to preclude acceptance df the assumption that_all ATP is supplied
by respiration_(lﬁ)!‘?eéent work utilizing infuéed 1gC 1acta6e -

(T.P. white and G.A. Brooks; unpubliéhéd data)t indicafes'siqnificaht -
‘1actate_turnovef not completely accounted for by oxidation at | |
| mild work rates wﬁich prodﬁce,only small eleVations'ih blood lactate

concentration in running rats. Therefore, there exists the possibility
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that VO2 does not account cbmpletelyvfor ehérgy turnoVer dufihg

runing. In this way the excessively high efficienciés_reported for

~ running based upon V02'Jdeterminationé may be explained. Total

body efflClenCLPS for runnlng in the range of 40 to 60 percent (19, ?2)

are probably much too high to rcpre%ent a reasonable product of

oxidative and nechanlcal‘coupllng efficiencies (14,28).

The results of the present study. are dirccted towards a

. conclusion recently drawn by Tucker (26) concerning'effiéiencies df

cyc]ing and walking. -He contends that the reason people prefer to

bicyele from oné pojnt to another instead of walk1nv is due to the

prbator efficiency ol cyeling. ‘tucker pojnt;q out that 1 terms ol

~~d1stdnce covolnd to energy expended, tho bicycle is much more

"efficient"; and that this is due to the lower muscular efficiency

(work- accomplished/encrgy expended) in walking. “hile we apgree fully

Swith his first pnint that cvc1inf allows more dimﬂnnnv'bor quantity

of vnnlzy cxpended, we must cuntv it his aw,uupt]nn that 1h15 is 1hv

:wﬂ<u1t of a higher muscular efilclency in cyeling. ln thure° 6A dnd

6B-effici§ncy.data from our study-dn walking, are plotted agalnst those

v

- obtained in this laborétory using some of the same subjects while

cyc]ing (M), Tt is obvious whvn considering F’Vure 6 that at most,
work rates the eff1c1ency of walking is elther equal to or greaher than

that for cycling. These results are in agreement w1th those of .
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Zaéks (30) who determihed the efficiencies fof cycling (26.1%W)
and running (33.0%W) uﬁilizing trailing weights. Tucker (26)
_ éppafently erred in}the manner in which he obtained his efficiencies
for cycling and_walking. For“cyclihg he utilized a mean value _.
" obtained in previous studies 6n cycling efficiency. However, instead
of doing the same fbf‘walking,.he attempted to derive the efficiency
of waiking based. upon é formula used to determine_ﬁhe work
aéconplished by a flying animal. " In Tﬁcker'sgéalqulation the only E
work component that appears relevant to the walking or ruming |
aninﬁl is wind resistance, which is negligible, resulting in the low
calculated efficiencies, on the order of 0.02 —0.05%; Were he to |
'ﬁave‘determinedlthe'efficiency'of cycling in the séme-manner,
Tucker most probably would have.again.obtained 1ow efficiencies. Those
components in wélking that'account‘for most of the'energy expended
are. leg swinging, and horizdntai and vertical oscillations of the
body (10,18,24). 'Investigatorsvusing kinematic techniques héve
estimated thése componenté and found net éfficienéies ﬁo‘approximate
23%N, which.cbmpare favorably with éycling’(lh); |

© If the muscular éfficiency of walking is'eQualeo'or5greatef'thén
cyeling, it obviously cannot.accoﬁnt for the’greater distance covéred
by a blcycle for the same energy cost. A better.explanatioh for this

phenomena would be that for a given amount of work (work = force x
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distanée) the cyclisf exefts less force and travels farthér than'the..
walker.%”This ié eaéily seen if we compare comfortable speeds'ofi
walking (4.5 km/hr) and cycling‘(60 rpm). For the wélker this-
amouhts to 75 m/miﬁ" In cycling, given a standard wheel diameter of
27 inches and front to rear gear ratio of 2.6:1, the distance traveled
at 60 rpm would be 335. 9 m/min Therefore, at the same work rate.
. a cyclist would travel about N.S times as far as the walker: -
Though the cyglist anduhis vehicie weigh.more_ﬁhan-the w&ikér; less
forcebis exerted by #he cyclistvbécause,‘préVided ﬁhe surféCé is flat‘
.vaﬁd:hard, the major forces encountéred are rolling ffiction and wind-
fesiétance. Frictional force in rolling vehicles such as aibiCyclevis
only a_smail fractibn of the.fofce normal. In walking.there are a
number of forces iﬁVolved in the accelérations and dépelerations
of the legs and torsd, and also.the vertical oscillations of the
tofso. Although the forceé in walking are not as easiiy,quéntified
as the'frictionél force for cycling, as a matter of'déduétion using
the Newténiaﬁ definition,the greatef-distance'traveled by the cyclist
for a given energy expenditure‘implieé that the fofces_are greater
in walking. ) |

in tﬁis paper, as in a previous “one on the same subject from
this iaboratory (14), wevhave used the térm "steady-rate" ih.

preference to thé more generally used "steady-state". In making
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this distinction we are neither casual ih our térndnology, nor
different for the sake of being arguementative. Rather, o&%>
continuing work on the subject of muscular'efficiency has lead to

the conciusion that there arc important eonceptual differences between
the terms.. As exercise starts, many yariables suchvas QOQ
héart rate, stroke volume, ventilation, local'tissue temperatures,
concentrations and pool sizes of adenine nucleotides, substrates,
ions, hormones, and oﬁher factors change and continue to rémain in

a dynamic flux for the excrcjse and recovery periods. Therefore,
rather than characterize our experimental condition as a ”steady—étate"
we- prefler to define our'experiméntal condition in terms of the work

rate. The observed "steady-rate" VO, is then acknowledged to refer

2
to the VO2 detemnihed at a constant work rate, and no generalizatidn
about the organismal homeostasis is made. Furthermore, the term

steady-rate acknowledpes that open circuit, indirect calorimetry

may not adquatcly account for energy turnover during exercise.
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Text Footnotes

Definitions of Efficiency:

délta efficiency = delta work accomplished - _A ¥ X 100
. delta energy expended A E

wofk efficiency - _work accomplished

ded ak i ET"E%f"' X 100
Sﬁigéﬁe83323ei w%?ﬁxgg 1 ~'_u
net efficiency = _ work accomplished = g ‘
_ : _ : X 100
- energy expended above E -

that at rest:
instantaneous efficiency = (za,'bebx)"l X 100
Where W = caloric equivalent of external work performed; E = gross
caloric output, including resting metabolism; r = resting caloric
output; El = caloric output, loaded horizontal and gradient walking;

E, = caloric output, unloaded, level walking; A W = caloric equivalent

.of increment in work performed above previous work_rate;‘AIL;=incre-

ment -in caloric output above that at previous work rate. .

Sample calculations of the effect of speed'on efficien¢y using work

and delta efficiency definitions:

Work efficiency at 500 kgm/min, 4.5 km/hr =
. Caloric equivalent of 500 kgm/min '

~ Caloric output at 500 kgm/min, 4.5 km/hr -
Caloric output at "O" kgm/min, 3.0 km/hr

X 100 = 33.2%

Delta efficiency at 500 kegm/min, 4.5 km/hr =
Caloric equivalent of 250 kgm/min
Caloric output at 500 kegm/min, 4.5 km/hr -
Caloric output at 250 kgm/min, 3.0 km/hr

X 100 = 31.6%

Postscripts (A, N, and W) arc used to denote éfficiency estimates

- arrived at by delta, net and work definitions, respectively.

Data presented in the symposium, "Detection Of Anaerobic

Metabolism During Exercise", at the twenty-third annual

meeting of the American College of Sports Medicine, Anaheim, -
California, May 6, 1976.
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‘Table 1: Effects of speéd on work

and

‘delta efficicncy

- calculations.

27.

250 Kg*m/win

6.0 Km/hr

58S

Delta (Horizontal)

* Mean + 1 standard error

' . Method of Calculation 3.0 Km/hr 4.5 Km/hr
- Work (Vertical) 38.84 * 1,72 25.77 * 1.40 15.10 * 0.63
Work (Horizontal) 3k.09 * 3.0 2h.79 ¥ 1,83 14,06 T 0.85
Delta (Vertical) 25.77 *'1.40 ©19.97 £ 1.06 |
Delta (Horizontal) 24,79 * 1,83 16.16 t1.06 .
500 Kg-m/min
Work (Vertical) 25,24 = 0.97 27.22 * 0,37 _19}28 £ 0.65
Work (Horizontal) - 33.48 + 1.76 25.47.% 1,39 | 18.53 * 0.90
_Delta (Vertical) 21.47 + 1.18 15.61 % 0.64
Delta (Horizontal) 19.44 £ 1,01 1441 f_o§76
750 Kg-m/min
Work (Vertical) . 29.86 + 0.59 26.08 % 0.86 . 19.26 * 0.34
Work (Horizontal) C27.77 £ 0.79 24 .46 £ 1.03 18.6811_0.8u.
Delta (Vertical 17.62 + 0.87 12.24 £ 0.51
16.02 ¥ 0.70 10,79 * 1.29
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Teble 2: Equations of the general form y=ae ~ for describing the relationship between caloric cost and work rate.
¥t ‘ :

Instarvansous efficiencies dexrived e exponential functions are presented along with ccmparable

1=y

-, 2
rom the

n

delta elficiency estimates.

' Equation for Equation for » . Instantanecous - ' _ Delta

_ - the Curve the Curvé++ ‘ Work Rate Efficiency _ Work Rate Efficiency
Condition =~ vy kcal/min)+¥' - y(kcal/min)= (kgm/min) (%) o ~ (kgm/min) .(%)
Horizontal : . - 125 40.1 0-250 . 3k4.1
valking at 3.630e" %0138 | 3,630¢"70% Coas e
3.0 km/hr ] . _ 375 e85 L 250-500 31.3
(H,) L 1 605 20.3 500-750 21.4
Horigontal | o | 1 - 36.5 © 0-250 35.2.
walk1ng~at - .0013x .555x _ ) 1 . DDec
k.5 ku/nr k.199e 4,199 ,_ 375 . 263 250-500 24.9
(H,) | | 625 | 19.0 © 500-750 23.1
Horizontal » - 11 125 31,8 | o250 29.1
walking at 0011x | QI N ' n -
6.0 km/nr 5.765e" : 5.765¢ 375 | 24.1 - 250-500 27.7
(Hy) o | _ : 625, 18.3 500-750 19.6
Grade (vertical) | . - 125 13.0  0-250 - 38.8
. _t s .
g?ékigfhi 3,316 000 | g opg 590 375 30.h 250-500 316
(V) . 625 21.5 500~750 1 23.4
Gzige (vertical) _ 1 125 N L1.2 0-250 43.0
walking at ' : ' .
k.5 km/hr k1808 " 0012% 4.180e "0 30 , 0.7 250-500 - 29.8
(Vé) . 625 22,9 - 500-750 24,6
Grade (vertical) | =~ . B ; 15 . | 353 0-250 43.9
elking at - .0010x C o Jh3ox N - . '
6.0 ¥m/ar | 54679 . 5.679e" 77 375 N 27.3 - - 250-500 27.0
vg) | | 1 ol ees 21.1 500-750 20.6

Equatidns_based uvpon’ a least squares best fit analysis.
Instantaneous efficiency = (abeox)_l. o ‘ :
The curve produced is a plot of caloric cost (¥) in Xcal/min ageinst external work (x) in kgm/min.

The curve produced is a plot of caloric cost (y) in kCal/ﬁin against external work (x) in kcal/min.

T«

o . » . . '. . -_' . o el . ) . * ¢ - Yy

8



lLegends‘

Figure 1l: Effects of work rate and spced on energy expehditure
(X't-S.E.) of 9 male'subjects during stcady—rate.walking exercise.
~In all.cases there is an eypdnential increase-in. caloric dutput '
with increasing work rate and upecd 1nd1cat1ng decrea51ng efficien-
cies. Note that above "zero" work rate the absolute caloric cost

of horizontael work is slightly (and ulgnlflcantly)_greater than

that of vertical work. The cquutions computed for the curves indicate
that at any given speed the slopns for ‘vertical and horizontal-work

are essentlally the same.

" Pigure 2: Effects of work ratc om'wofk'(ZA,EB) and 'delta’ (2C,2D)
efficiencies (X T S.E.) for 9 male subjects during steady-rate
walking exercise at 3.0, 4.5 and 6.0 km/hr. Both efficiency cal-
'culatlons demonstrate decroa.>1nrT el'ficiencies with 1ncrements in
~ work rate. The curves for horizontal work (24, 2¢) appear to be
steeper than those of vertical ( ’3,2D) due to the very high effi-
ciencies found at vertical work up to 250 kegm/min. The work effi-
3ciency plots are lcsélnegutivc in slope due to the aveiaging out

effect of the work efficiency calculation.

Figure 3: Effects of speecd on delbta and work efficiencies (X_i S.E.)
for 9 male subjects during steady-rate walking excrcise atVSOO kgm/min.
Bothvdefinitions regult in decreasing efficiency with increments in

spéed.

Figure 4: Caloric cost of combined work loads as effected by work
rate is plotted against horizontal and vertical work at the same
walking speed (4.5 km/hr). Note that thé combined work curve super-
imposes itself on the curve depicting horizontal wbrk alone at the-

same speed.’ )

Figure 5: Semi—log plotvof the effects of work rate and speed on
energy expendlture of 9 male subJects durlng steady rate walking

exerc1se.

Figure 6: Effects of work'rate.on mean delta (GA) and work (6B)
cefficiencies for both cycling and walking. -Data on éycling from
Gaesser and Brooks (1L) using some of the same subjects. Note:that
most of the efficiencies for walking are equal to or greater than

those of cycling.
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Work' Efficiency (%)
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This report was done with support from the United States Energy Re-
search and Development Administration. Any conclusions or opinions
expressed in this report represent solely those of the author(s) and not
necessarily those of The Regents of the University of California, the
Lawrence Berkeley Laboratory or the United States Energy Research and
Development Administration. ’
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