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Locomotion - Mechanics and 
Energetics of Terrestrial Locomotion

Study of mechanisms minimizing the 
energy expenditure during walking and 
running, so-called pendular and elastic 

mechanisms, respectively.

In Elite sports, we are carrying out 
evaluations and experiments in volleyball 

players, sprinters, and long distance 
runners.



Porto Alegre: Capital of gaúchos



Exercise Research Laboratory







Mechanic Paradigms: 

walking: inverted pendulum 

Reconversion between kinetic and potential energy and vice-
versa of the COM. 

Cavagna et al., J Appl Physiol,1963, 1976.



Constraints

• The two basic and 
fundamental constraints to 
the paradigms are: 

• LOAD 

• INCLINE

but



Applied point-of-view

• Understand these 
restrictions is important 
because: 

• fitness programs out- 
and indoor. 

• to test hypothesis of 
human evolution.

Amazon Mountains (~3.400m)



● The	classical	determinant	of	Voptimum	in	level	walking	
is	the	Recovery,	yielding	max	value	≈	60%	at	≈	4.5	

km.h-1	(1.3	m.s-1).

Load	effects	on	C	and	Voptimum

At	level,	the	
Voptimum	is	
maintained	

	with	loads	up	to	
75%	of	body	

mass.

Bastien	et	al.,	Eur	J	Appl	Physiol,	2005.                 Walking Speed



Load	position	effects

At	level,	the	Voptimum		is	
maintained	with	

different	load	position.

Abe	et	al.,	Appl	Ergon,	2008.
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Walking	in	gradients

The	minimum	cost	at	gradient	-10%,	is	determined	by	the	
positive	and	negative	mechanical	work	and	their	different	

efficiencies.

Minetti	et	al.,	J	Physiol,	1993.

A. E. MINETTI, L. P. ARDIGO AND F. SAIBENE

proportional to the incline angle, hence Margaria considered only the minimum
changes ofpotential energy needed by the progression. In spite ofthis approximation,
Margaria obtained, from metabolic and mechanical results of walking below -20%
and above + 20% (the range associated with a linear behaviour of the cost of

LI E(+): metabolic equivalent of positive E(tot) = E(+) + E(-)
mechanical worki

D E(-): metabolic equivalent of negative
mechanical work
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Fig. 1. The positive and negative component (W+ and W~, widths of the bottom
rectangles) constitutes one-half of the total mechanical work at level walking (0 gradient).
We assume that to maintain the same speed uphill and downhill at different gradients
both the total work increases and the contribution of one of its components becomes
prominent (positive-uphill, negative-downhill). By multiplying the rectangle bases by the
proper heights (which corresponds to dividing by the efficiency of positive and negative
work), we obtain areas proportional to the metabolic equivalent of each component of the
mechanical work (stippled and white patterns). The cumulative area for each gradient,
given as the ordinate in the upper graph, has an asymmetric profile with a minimum
corresponding to a certain gradient in the downhill zone.

locomotion), reliable first evaluations of the efficiency of human locomotion (and
indirectly of muscular contraction).

It is well known (Williams & Cavanagh, 1983) from physics that in level walking
at constant speed the amount of positive mechanical work, mostly due to ascending
and accelerations of the body centre of mass (BOM), must be counterbalanced by an
equal quantity of negative work, related to descendings and to a decelerative,
'braking' efFect. This is caused by the periodic nature of locomotion, both in the
vertical ('level' gait) and horizontal ('constant' average speed) direction. When
walking downhill or uphill, the partitioning will no longer be 50% of the total, and
we expect the negative and positive work to prevail, respectively, in the two
conditions. This behaviour matches the 'rimless (polygonal) wheel ' similarity
suggested for the human locomotion machinery (McGeer, 1990). In fact, moving such
a wheel on horizontal ground requires equal quantities of acceleration and
deceleration. In addition, the non-uniform progression still needs small amounts of
braking action (particularly at heel-down) during uphill walking and a small amount of
acceleration (just before toe-off) in downhill gait. In contrast, rolling a 'normal'
wheel uphill or downhill at constant speed will require only positive or negative
work, respectively.
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Although load and incline effects on 
metabolic cost are determined, their 

combined effects are unknown.

load

incline

load + 
incline



The purpose of this study was:

• to analyze the combined effects of

speed, load and gradients on

Metabolic cost
Mechanical work

Pendular mechanism



Material and Methods

• we asked to 10 health subjects to walk on 
treadmill at: 

• 5 constant speeds: 1-5 km/h (at level 2-6 km/h)

• 3 slopes: 0, 7, 15%

• unload and loaded 25% bm



data acquisition

• O2 consumption and 

• kinematics 3D



data analysis

• the fluctuations of mechanical energies of 
body and segmental CoM were calculated.  

• The metabolic cost was determined taking 
into account the combustion enthalpy of 
different substrates and the difference from 
exercise to stand metab power. 

Cavagna, 1975

Saibene and Minetti, 2003



Pendular		
Mechanism	 

R(%)	=	Wext,f	+	Wext,v	–	Wext			100			
								Wext,f	+	Wext,v

Cavagna,	1976.	
Saibene	&	Minetti,	2003.

In	humans	
Walking:	high		(up	to	60%	on	Voptimum	)	(KE	
and	KE	are	opposed).	
		
Run:	low	
(KE	and	KE	are	in	phase).

Recovery
R	:	is	the	transfer	percentage	between	Kinetic	
and	Potential	energies	of	BCoM	during	a	
whole	stride.



statistical procedures

• Anova with measures-repeated

• bonferroni’s correction

• alfa = 0.05 at SPSS vs. 18.



Results

• Wint very low and not affected by load and 
gradient

• Wext is dependent of load and gradient

internal work - Wint
external work - Wext

25% bm

unloaded

0%
7%

15%



Results

• the metab cost to carry 1kg is major at 
extreme gradients
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ResultsLevel

maximal pendular recoveryminimum metabolic cost

15%

AT LEVEL - The 
max pend Rec 

coincides to min 
metal cost

AT 7/15% - The 
max pend Rec 
yields to max 

speed and; the 
min metab cost 

attains ~3.4 km/h



vs

Is the treadmill 
ecological enough?

Probably not… 
the stability could include 

other sources to metab cost   



last minute findings…

3km/h
+15%
Sem 
carga

Suaviza Recorta por passada Média e +- dp
4km/h
plano
Sem 
carga



with load unloaded4km/h, level

Greater variation 
with load

Further energy
expenditure

Kinetic En

Potential En



loaded unloaded3km/h, +15%

negative work

Strategy 
non-stabilized

huge variation



Dynamical stability (CoV of Pot En, %)

LEVEL +15%

UNLOADED 14 9

LOADED 25% 
BM 19 14

gradient effect 
increasing the stability

load effect 
decreasing 
the stability
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 A diferença de fase entre a cintura escapular e pélvica foi maior durante a 

caminhada sem carga, demonstrando que a carga afetou essa variável. Na Figura 13 e 14 

podemos observar a diferença entre a caminhada com carga e sem carga. 

 

F igura 13. Diferença de fase (cinturas pélvica/escapular) nas cinco velocidades com carga e sem carga 
em média e DP.* representa p = 0,001, ** p = 0,029 e *** p= 0,01. Valores acima da linha vermelha 
significam que o 
�	������ acontece antes de 
����� e os valores abaixo significam que o 
�	������ acontece 
depois de 
�����. 

 

F igura 14. Diferença de fase nas cinco velocidades quadrados cinza com carga e pontos preto sem carga. 
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F igura 14. Diferença de fase nas cinco velocidades quadrados cinza com carga e pontos preto sem carga. 

Young Investigator Award, Rodrigo Rosa, 2012

Effects of load on pelvic-trunk coordination 15% incline
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Qualitatively different on coord pattern with load. with timing delay 
(phase diff) between scapular and pelvic girdles completely different.

unloaded
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Final messages

But, more ecological studies with more variability are 
needed to confirmate these findings.

Although metabolically more expensive, the loading does not change 
the Rec nor the Vopt at positive gradients.

The energy expenditure of carrying loading in gradients is reduced 
throughout pendular mechanism (~30% at Voptimum),

The dynamical stability seems to be affected on contrary way by 
loading and incline effects (loading reducing and incline increasing the 
dynamical stability).
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