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Three-dimensional motion of the center of gravity
of the body during walking
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Abstract

A Kinematic gait analysis system was used to determine the 3-D motion of the center of the
pelvis during walking, in 10 normal adults of both sexes. At the same time, force platform data
were integrated twice to determine the 3-D motion of the center of gravity of the body. In general,
the center of the pelvis showed greater excursions than the center of gravity of the body, so that
within the pelvis, the center of gravity moved in the opposite direction to the motion of the trunk.
In the medio-lateral and vertical directions, the phasing of motion was very similar between the
center of gravity and the center of the pelvis. In the direction of progression, the motion of the
center of the trunk led that of the center of gravity of the body with a phase difference of about 5°.
Although the motion of the center of gravity within the pelvis during gait clearly relates to
movements of the arms, legs and trunk, further studies would be needed to examine this motion in
detail.
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1. Introduction

The motion of the trunk during gait has long been known, thanks to a number
of classical kinematic studies, summarized by Inman et al. (1981), and by
" E-mail: michael-whittle@utc.edu, Fax: + 1 423 785-2215. Tel.: + { 423 755-4046.

0167-9457 /97 /$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved.
PII 50167-9457(96)00052-8



348 M.W. Whittle / Human Movement Science 16 (1997) 347-355

Whittle (1996). The trunk rises and falls twice during the gait cycle, through a
total range of about 46 mm (Perry, 1992), being lowest during double support
and highest in the middle of the stance and swing phases. In the frontal plane,
the trunk moves from side to side, once in each gait cycle, the trunk being over
each leg during its stance phase, as might be expected from the need for support.
The total range of side-to-side movement is also about 46 mm (Perry, 1992). As
the upper body moves forwards, its speed varies a little, being fastest during the
double support phases and slowest in the middle of the stance and swing phases
(Whittle, 1996).

Although as a first approximation the motion of the trunk and the motion of
the center of gravity of the body are clearly similar, they are not exactly the
same, since the center of gravity is affected by the positions of the arms and
legs, which move independently of the trunk. Many of the classical studies
which reported the motion of the center of gravity (e.g. Saunders et al., 1953)
were actually kinematic studies of trunk motion. Only a few studies have
described the actual motion of the center of gravity during gait, such as those by
Shimba (1984) and Crowe et al. (1993).

The author is not aware of any studies in which the 3-D motion of the trunk
and of the center of gravity of the body have been measured simultaneously.
The present study aimed to define the motion of the center of gravity within the
trunk during walking, by comparing the motion of a reference point within the
trunk with that of the center of gravity.

2. Methods

The study was approved by the ethical committees of the University of
Tennessee at Chattanooga and Siskin Hospital for Physical Rehabilitation, and
the subjects gave informed consent. The motions of the trunk and of the center
of gravity were studied in 10 normal healthy adult subjects, with no history of
locomotor problems, consisting of one male and one female in each decade of
age from the 20’s to the 60’s. They walked barefoot at self-selected speeds
along the walkway of a gait analysis laboratory, with 50 mm diameter reflective
targets stuck to the skin over the pelvis and lower limbs in standardized
locations.

The reference point for measuring the position of the trunk was the center of
the pelvis, defined as the geometric center of the triangle formed by two markers
over the anterior superior iliac spines and one over the midpoint between the
two posterior superior iliac spines. The 3-D coordinates of these points in
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walking were determined using the Vicon gait analysis system (Oxford Metrics
Ltd., Oxford, England).

The motion of the center of gravity was determined using a pair of force
platforms (Bertec Inc., Worthington, OH, USA). The gait cycle was defined as
starting with initial contact by the left foot on the first force platform, and
ending with a second initial contact by the left foot on the ground beyond the
force platforms. The right foot landed on the second force platform about half
way through the gait cycle. At the beginning of the cycle, the left foot contacted
the first force platform, but although the right foot was still on the ground, no
recording could be made from it, since it had not yet reached the force
platforms. However, the right foot was still on the second force platform after
the end of the cycle, so the data recorded from it could be moved to the
beginning of the cycle (Fig. 1). This permitted an approximation to be made of
the forces beneath both feet for the whole cycle. The data from both force
platforms were combined to give the three orthogonal components of the overall
ground reaction force vector. The average vertical force during the gait cycle
was used to calculate the body weight, and hence the body mass. The three
orthogonal components of the ground reaction force were then applied to the
body mass, to determine its acceleration in three dimensions. The acceleration
was integrated once to derive velocity, and a second time to derive position.
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Fig. 1. Three orthogonal components of ground reaction force from both sides. The end of the data for the
right side (after second left initial contact) has been moved to the beginning of the gait cycle. (I.C. = initial
contact.)






