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a b s t r a c t

It has been suggested that angular momentum in the horizontal
plane during human gait is controlled (i.e., kept minimal).
However, this has not been explored in conditions when angular
momentum of different segments is manipulated explicitly. In
order to examine the behavior of angular momentum, 12 partici-
pants walked in 17 conditions in which angular momentum of
either the arms or legs was manipulated. Subjects walked at differ-
ent step lengths, different speeds and with an additional weight on
either the wrist or ankle. Angular momentum of total body, arms
and legs was calculated from gait kinematics. Increasing step
length increased total body and leg angular momentum. When
weight was added to the limbs, arm and leg angular momentum
were affected and counteracted each other, so that total body
angular momentum did not change. Moreover, increasing walking
speed increased arm, leg and total body angular momentum. Thus,
it may be concluded that if angular momentum is controlled
(which only seems to be the case for conditions when weights
are added), it is not strictly controlled in all gait conditions (as it
may increase by walking faster/with larger steps).
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1. Introduction

The coordination and function of arm swing in gait have gained considerable interest in the
last couple of years (Meyns, Bruijn, & Duysens, 2013). At first sight, arm swing is a somewhat
useless behavior, since, unlike movements of the legs, it has no obvious contribution to gait.
Nevertheless, it has been suggested that arm swing has several functions in human gait. For
instance, it reduces vertical movements of the center of mass (Hinrichs & Cavanagh, 1981;
Murray, 1967; Umberger, 2008). Furthermore, gait without arm swing requires more energy
(Collins, Adamczyk, & Kuo, 2009), which could be due to the contribution of armswing to the
regulation of total body angular momentum in the horizontal plane (Bruijn, Meijer, van Dieën,
Kingma, & Lamoth, 2008; Collins et al., 2009; Elftman, 1939; Herr & Popovic, 2008;
Park, 2008). This has led to the hypothesis that angular momentum is controlled in human gait
(Bruijn et al., 2008; Herr & Popovic, 2008).

Herr and Popovic (2008) hypothesized that angular momentum during the gait cycle is kept
minimal throughout the gait cycle, and suggested that the arms are used to cancel angular
momentum generated by the legs. Still the study of Herr and Popovic was an observational
one, as the authors did not manipulate angular momentum directly. A study by Bruijn et al.
(2008) may be more interesting in this regard, as this study suggested that angular momentum
might be controlled in the sense that it might be kept as low as possible, since they found no
significant change in total body angular momentum over a range of gait speeds, despite increasing
leg angular momentum with increasing gait speed. Nonetheless, although angular momentum
generated by the legs changed in the study by Bruijn et al. (2008), this was only done through
a mediating variable: gait speed. In another study by Donker, Daffertshofer, and Beek (2005),
interlimb coordination did not change when angular momentum of segments was directly
manipulated by means of adding weights. However, Donker et al. (2005) did not analyze
their data in terms of angular momentum. Still, their findings are consistent with the idea that
angular momentum remains similar between conditions (since interlimb coordination did not
change).

Apart from these studies in healthy subjects, there is converging evidence from pathological gait
patterns suggesting that angular momentum may be controlled (i.e., kept minimal) during human
gait. A study of Huang et al. (2011) showed that even though low back pain patients move the thorax
more in phase with the legs, they keep their arms swinging out of phase with the legs and thus change
timing between arm swing and thorax rotations. This is unexpected, but illustrative of the fact that it
may be important that the arms remain out of phase with the legs. Additionally, children with cerebral
palsy tend to compensate the increased angular momentum created by the affected leg with an in-
creased arm swing on the non-affected side to keep the total body angular momentum small (Bruijn,
Meyns, Jonkers, Kaat, & Duysens, 2011).

Angular momentum might be controlled for energetic benefits. Collins et al. (2009) demon-
strated that in normal arm swing, out of phase with the legs, the angular momentum remains
small and reduces the ground reaction moment. When participants were asked to swing their
arms in phase with the legs or when the arms were kept still, it appeared that more energy
was required.

All in all, there seems to be converging evidence that angular momentum in the horizontal plane
during gait is a controlled variable, in the sense that it is kept minimal throughout the gait cycle. If this
would be so, one would expect little to no change in total body angular momentum in a variety of con-
ditions in which angular momentum of the arms or legs is manipulated. Thus, in this study, we looked
at the behavior of total body angular momentum in conditions which were designed to change the
angular momentum of arms and/or legs. To this aim, we affected angular momentum of either the
arms or the legs by means of (1) changing step length, (2) changing gait speed and (3) adding weight
to a limb and thereby disturbing symmetry. Angular momentum of the total body, the arms and the
legs was calculated. If total body angular momentum indeed is controlled during gait, we expect, de-
spite of these manipulations, that total body angular momentum does not change when compared to
normal walking.
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