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Abstract. [Purpose] The purpose of this study was to elucidate the age-related changes in the stability of the 
quiet standing posture based on the acceleration of the center of mass of each body segment under deteriorated so-
matosensory conditions. [Participants and Methods] The participants in this study were 18 healthy elderly persons 
and 11 healthy young adults. A foam surface was placed on the force plate for load-bearing onto the somatosensory 
system. The participants maintained a quiet position on the force plate under two conditions: a firm surface and a 
foam surface. The accelerations of the head, thorax, pelvis, and whole body center of mass when quiet standing in 
two conditions were measured by a motion capture system. In the statistical analysis, regarding the center of mass 
of each body segment, the interactions were examined by performing a two-way analysis of variance using age and 
surface condition as factors. [Results] A two-way analysis of variance detected an interaction between age and sur-
face factors for anteroposterior acceleration at the center of mass of the head. For other body segments, interactions 
between the two factors were not detected. [Conclusion] The results of anteroposterior acceleration at the center of 
mass of the head suggest that under conditions of deteriorated somatosensory function in the lower limbs, minute 
anteroposterior position adjustment of the head is an essential characteristic of the standing posture control mecha-
nism in the elderly.
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INTRODUCTION

The human body has a complex segmental structure comprising the head, the trunk, and the four limbs. In a standing 
posture, the lines from the center of mass of each body segment to the floor do not coincide1). Because of this, even when 
standing still, the body sways minutely. This body sway is the control mechanism for maintaining human standing posture2). 
In other words, it is thought that by shifting each of the body segments, the sway provides a control mechanism in which the 
projection axis from the center of mass in space is maintained within the basal support plane of both feet. Moreover, due to 
age-related changes in the spinal column support mechanism in the elderly, changes in posture alignment, such as posterior 
pelvic tilt to compensate for the rear curvature of the entire spinal column, mainly in the thoracic part, often occur3). Because 
of this, in addition to evaluation of the sway at the center of mass of the whole body, it is also necessary to understand the 
characteristics of the sway at the center of mass of each of the body segments.

In addition to the above mechanism, input information from various systems such as visual, somatosensory, and vestibular 
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systems is also critical in standing posture control of the human body4). In particular, somatosensory information from the 
lower limbs is very important for standing posture control5).

The purpose of this study was to elucidate the age-related changes in the stability of the quiet standing posture based on 
the acceleration of the center of mass of each body segment under deteriorated somatosensory conditions.

PARTICIPANTS AND METHODS

The participants in this study were 18 healthy elderly persons (9 females, 9 males: average age 67.1 ± 3.4 years) and 11 
healthy young adults (4 females, 7 males: average age 20.5 ± 1.4 years).

A motion capture system (Motion Analysis Co., Mac3D) comprising eight infrared cameras was used for measuring the 
center of mass in the quiet standing posture.

Using the Helen Hays marker set as a reference, infrared reflective markers were affixed at a total of 25 target points on 
each participant’s body. In addition, the center of foot pressure, which is the projection point of the center of mass on the floor, 
was measured using force plates (AMTI Inc., BP400600). For the data sampling frequency, the camera was set at 100 Hz, the 
force plate was set at 1,000 Hz, and they were synchronized using the onboard computation of a personal computer.

The participants stood barefoot on the force plate, maintaining a quiet standing posture with a gap of 150 mm between the 
inner edges of both feet. They were asked to hold their gaze upon a target placed at a distance of 3 m in front of them. The 
measurement time for the quiet standing posture was set at 30 s, and the data for analysis was gathered by excluding the data 
from the first 10 s after the start of the measurement.

A foam surface (AIREX Inc., Balance-pad Plus, 400 mm × 300 mm × 65 mm) was placed on the force plate for load-
bearing onto the somatosensory system. The Balance-pad Plus is manufactured using the soft foam and widely used to 
improve balance in physical therapy and rehabilitation and in sports exercises6). Maintaining the quiet standing posture on 
the force plate was termed the firm surface condition and maintaining the quiet standing posture on the Balance-pad Plus was 
termed the foam surface condition.

Motion analysis software (C-motion Inc., Visual3D) was used for data analysis of the center of mass and the center of 
foot pressure for the quiet standing posture. Based on the gauge data obtained from the motion capture system, a segmental 
model of the whole body consisting of the head, thorax, and pelvis was developed to calculate the center of mass of each 
body segment. Regarding the inertia coefficient for each body segment model, the values reported by Dempster7) were used 
as a reference, and the method proposed by Winter1) was used for calculating the center of mass. In addition, for 20 s during 
the quiet standing posture, the center of mass of each body segment and the effective value of acceleration in the anterior-
posterior, and lateral directions at the center of foot pressure were calculated.

In the statistical analysis, regarding the center of mass of each body segment and the acceleration value at the center of 
foot pressure, the interactions were examined by performing a two-way analysis of variance using age (elderly, young) and 
surface condition (firm, foam) as factors. The significance level was set at 5%.

All participants received verbal and written explanations of the purpose of the experiment and received written consent. 
This study was approved by the ethics committee of the Chiba Prefectural University of Health Sciences, which is the former 
institution of the first author.

RESULTS

Table 1 shows the data for the center of mass of each body segment and the acceleration value at the center of foot pressure 
under firm and foam conditions respectively. As a result of two-way analysis of variance, the interaction between the age 
factor and the surface factor was detected in the anteroposterior acceleration values of the center of mass of the head (F=19.7, 

Table 1.  Acceleration at the center of mass of each body segment and at the center of foot pressure under different surface conditions

Elder
Head Thorax Pelvis Whole body COP

AP ML AP ML AP ML AP ML AP ML
Firm 0.10 ± 0.03 0.07 ± 0.02 0.19 ± 0.06 0.05 ± 0.01 0.10 ± 0.06 0.04 ± 0.02 0.08 ± 0.02 0.03 ± 0.01 0.23 ± 0.07 0.14 ± 0.03
Foam 0.17 ± 0.05 0.11 ± 0.02 0.33 ± 0.07 0.09 ± 0.02 0.17 ± 0.03 0.08 ± 0.01 0.13 ± 0.03 0.04 ± 0.01 0.45 ± 0.16 0.25 ± 0.10

Young
Head Thorax Pelvis Whole body COP

AP ML AP ML AP ML AP ML AP ML
Firm 0.08 ± 0.01 0.06 ± 0.01 0.16 ± 0.03 0.05 ± 0.01 0.08 ± 0.01 0.03 ± 0.01 0.06 ± 0.01 0.02 ± 0.00 0.19 ± 0.03 0.13 ± 0.02
Foam 0.11 ± 0.02 0.09 ± 0.02 0.26 ± 0.07 0.07 ± 0.02 0.14 ± 0.03 0.06 ± 0.01 0.11 ± 0.03 0.04 ± 0.01 0.29 ± 0.12 0.21 ± 0.07
Mean ± SD, m/s2.
COP: Center of pressure; AP: Anteroposterior; ML: Mediolateral; Firm: Firm surface; Foam: Foam surface.
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p<0.01) and the center of foot pressure (F=11.6, p<0.01). Figure 1 shows the interaction diagram between the age factor and 
the surface factor in the anteroposterior acceleration at the center of mass of the head. 

For acceleration at the centers of mass of other body segments, interactions between the two factors were not detected.

DISCUSSION

In previous studies, quiet standing on a foam surface reduces the reliability of somatosensory information and increases 
postural sway6, 8, 9).

The results of this study suggest interactions between the age and surface factors in terms of the effect on anteroposterior 
acceleration at the center of mass of the head. This suggests that the increase in anteroposterior sway of the head is due to 
aging and somatosensory confusion in the lower limbs. In a two-legged stable stance using a fairly stable base of support, 
it has been suggested that proprioceptive cues are more important than the visual and vestibular information in maintaining 
stability10). In the control mechanism for maintaining a quiet standing posture, it is thought that age-related deterioration in 
somatosensory function from the lower limbs and, in particular, the deficiency in afferent input from the plantar mechano-
receptors, causes the increase in anteroposterior sway of the head. Within the body axis in the skeleton, the head and neck 
segment is where the largest three-dimensional motion is possible, and it plays an important role in optimizing the spatial 
positioning in sensory systems such as the visual and vestibular systems, which are critical in standing posture control11). The 
results of anteroposterior acceleration at the center of mass of the head suggest that under conditions of deteriorated somato-
sensory function in the lower limbs, minute anteroposterior position adjustment of the head is an essential characteristic of 
the standing posture control mechanism in the elderly.

The results of the study also suggest that, regarding the effect on the anteroposterior acceleration at the center of foot 
pressure controlling the center of mass of the whole body based on the floor reaction force, interactions between the age and 
surface factors are present. These results suggest that in the elderly group, the anteroposterior acceleration at the center of 
foot pressure increases as a means to control the anteroposterior sway of the whole body, which results from a combination 
of the effect of aging and deterioration of somatosensory function in the lower limbs. The increase in the center of foot 
pressure acceleration as a means to control the center of mass is being applied in the standing posture control mechanism 
predictively12, 13). Based on this, the study suggests that there is a need to mobilize better predictive control mechanisms to 
assist in maintaining a quiet standing posture in the elderly under conditions of deteriorated somatosensory function.
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Fig. 1. Comparison of anteroposterior acceleration at the center of mass of the head. 
COM: Center of mass; AP: anteroposterior
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