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SUMMARY 
Falls are the most significant cause of accidental death among 
older adults. Current research has been limited to the study of 
balance control in small set of joints; the effect of multi-joint 
coordination during stance is not known. An appropriate 
research tool is needed for studying the multi-joint 
coordination. This study examined the age-related changes in 
multi-joint coordination of controlling upright posture under 
different sensory inputs. The Uncontrolled Manifold (UCM) 
approach was used to examine the structure of joint variance 
related to the control center of mass (COM) position. UCM 
model can partition the variance of the joint configuration 
combinations into two components, one reflects the use of 
flexible combinations of joints to achieve a particular COM 
position and another leads to variability of the COM position. 
The results suggest that both young and older adults move 
their COM position intensively when losing sensory inputs. 
However, the flexible multi-joint coordination ability 
decreased in older adults due compared to the young adults. 
This study not only improves our understanding of multi-joint 
coordination of postural control in aging process, but also 
provides a basis for developing improved tools for evaluation 
and treatment of patients with balance disorders. 
 
INTRODUCTION 
Falls represent a significant health risk in the elderly and are a 
major cause of death in people over the age of 65. These falls 
have serious physical, emotional, and financial impacts on the 
individual, as well as a serious impact on the health care costs 
overall. To provide effective preventive strategies and 
interventions, we must understand the mechanisms and factors 
that cause older adults to fall. In the posture control literature, 
the whole body center of mass (COM) is often assumed to be 
the goal for the central nervous system to control [1]. A good 
upright balance control is indicated by small variability of 
COM position. The Uncontrolled Manifold approach has been 
used in studying multi-joint coordination in recent motor 
control research [2]. The UCM approach can relate individual 
joint contributions to the control of COM. The UCM 
hypothesis assumes that the controller (the central nervous 
system) acts in a state space of independent elemental 
variables. They are the smallest sensible variables that 
describe the system at a selected level of analysis. 
Hypothetically, the controller can change these variables 
independently of each other. In this study, we investigated 
how individual joint movement related to the COM control 
between older adults and young adults.  
 
 

METHODS 
Subjects 
Twenty seven healthy young adults (male/female = 15/12; 
mean age: 22.3 ± 2.0 year; weight: 62.3 ± 8.4 kg; height: 
167.9 ± 7.4 cm) and 27older adults (male/female = 14/13, 
mean age: 69.5 ± 3.8year, weight: 62.7 ± 9.3 kg; height: 159.7 
± 9.3 cm) participated this study. The inform consent 
approved by the Institutional Review Board of National 
Taiwan University was signed by all subjects prior to their 
participation. 
 
Tasks 
Subjects stood barefooted with their feet shoulder-width apart 
and arms comfortably rested by the sides of the body. The 
standing task was performed under 2 visual conditions (eyes-
open: EO or eyes-closed: EC) and 2 supporting surfaces (level 
ground: G or narrow blocks: B), arranged in random sequence. 
The size of the narrow blocks was 20×10×12 cm3 (length, 
width and height respectively). The blocks were placed under 
each foot between the metatarsal heads and heel pad. In the 
eyes-open conditions, a stationary visual target was placed 1.6 
m in front of the subjects. For each experimental condition, 
two successful 200-seconds trials without changes of their foot 
placement were recorded.  
 
Instrumentation 
A 5-camera VICON (Oxford metrics, UK) motion 
measurement system was used to record at 120-Hz the motion 
of reflective markers placed on the right side of the body and 
trunk. Spherical reflective markers, 1.5 cm in diameter were 
applied to the right side of the subject’s body: base of the 5th 
metatarsal; immediately inferior to the lateral malleolus; 
lateral femoral condyle; greater trochanter; Lumbosacral 
junction marker; on the skin over the right pelvis, 
approximately 20% of the distance from the greater trochanter 
to the shoulder and one-third of the distance from the posterior 
to anterior iliac spines; just lateral to the spinous process of C7; 
zygomatic process of temporal bone; two centimeters inferior 
to the lateral aspect of the acromion process of the shoulder; 
the lateral humeral condyle just superior to the radio humeral 
junction; styloid process of the radius; the distal end of the 
third metacarpal bone. The recorded coordinates of each 
reflective marker were filtered in MATLAB (Mathworks, 
Version 7.0.1) using a 5-Hz low-pass, bi-directional 2nd order 
Butterworth digital filter. Segment lengths of the body were 
derived from average marker positions over the first three 
seconds of a static standing trial. 
 
 



Data analysis 
The reflective marker coordinates at each data sample were 
used to calculate sagittal plane joint angles at the (1) ankle, (2) 
knee, (3) hip, (4) lumbo–sacral junction (LSJ), (5) scapula (6) 
shoulder, (7) elbow, (8) and cervical-thoracic junction (CTJ). 
  
Center of mass computation 
The location of the total body center of mass at each point in 
time was estimated using measured body segment lengths, 
estimated locations of each segment’s center of mass along 
those lengths, and their proportion to total body mass (Winter 
1990).  
 
Variability of center of mass position 
Variability of the whole body COM was calculated by 
computing its variance across samples at each trial. Because 
the variability was relatively stable across different trials, it 
then was averaged across the trials. 
 
Uncontrolled manifold analysis 
The question of how the use of available joint redundancy to 
stabilize the COM position is affected when performing 
additional tasks with the arms while standing was addressed 
using the Uncontrolled Manifold (UCM) approach to partition 
variability of the joint configuration into two components . 
The mean value of the joint configuration is used to estimate 
the ‘desired’ COM position. Questions about the degree of 
stabilization of the COM position can be addressed by 
comparing variances in the two subspaces, i.e., within the 
UCM (VUCM) and within the orthogonal subspace (VORT). As 
long as the COM remains well within the limits of the base of 
support, a range of COM positions are acceptable and 
consistent with stable upright posture.  
 
Statistics 
To examine the effect of different standing contexts on the 
changes of multi-joint coordination, repeated measures 
ANOVA were employed to test the between-context 
difference (Age: YH vs. OH, visual: EO vs. EC and 
supporting surface: G vs. B). Subsequent post-hoc pair-wise 
comparisons were conducted if the main effect of visual, 
supporting surface or their interaction reached significance 
level (p < 0.05). All statistical tests were conducted by SPSS 
software (v18, SPSS, Inc., Chicago, IL). 
 
RESULTS AND DISCUSSION 
Variance of Center of mass position 
Figures 1 illustrate the fluctuations of the COMAP position for 
all subjects. The variance of the COMAP position was larger in 
YH group than in OH group (F1,26=14.39, p=0.001), larger in 
the EC condition than in the EO condition (F1,26=26.47, 
p<0.001) , and generally larger in the block condition than in 
the ground condition (F1,26=12.56, p<0.01). The results 
suggest that the subjects were unstable when losing both 
vision and proprioception information. 
 

 
Figure1: Mean (+SEM) task variable variability in the 
anterior-posterior movement direction for the COMAP. 
 
The joint configuration variance related to the COM stability 
VUCM was significantly higher than VORT for all conditions 
(F1,26=47.27, p<0.001; Figure3).There were main effects on 
age (F1,26=11.72, p<0.01), vision (F1,26=9.18, p<0.01) and 
surface (F1,26=5.061, p<0.05). In the ECB condition, the VUCM 
was significantly higher in YH than in OH while the VORT did 
not increased as such. The results suggest that older people 
loss the flexibility of control COM when vision and 
proprioception feedback were insufficient. 

 
Figure 2: Mean (+SEM) of joint configuration variability per 
DOF underlying control of the COMAP position 
 
CONCLUSIONS 
The results suggest that both young and older adults move 
their COM position intensively when losing the sensory inputs. 
However, the flexible multi-joint coordination ability 
decreased in older adults due to aging. This study not only 
improves our understanding of multi-joint coordination of 
postural control in aging process, but also provides a basis for 
developing improved tools for evaluation and treatment of 
patients with balance disorders. 
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