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CHAPTER I 

INTRODUCTION TO THE STUDY 

The locations of total body and segmental centers of 

gravity have been investigated since the 17th century 

(Borelli, 1679; Harless, 1858; Braune & Fischer, 1889; 

Meeh, 1895; Bernstein, 1931; Zook, 1932; Dempster, 1955). 

Throughout the years, a variety of techniques have been 

developed and utilized in the determination of these loca

tions; thus, there is an abundance of literature available 

on center of gravity locations. 

Currently the literature, however, contains no report 

of center of gravity locations for individuals with any 

handicapping condition. ·There are very few reports of cen

ter of gravity locations for children; the majority of the 

studies having utilized adults as subjects. In the analy~ 

sis of movement, the biomechanist must rely upon the vari

able, sometimes sparse, and often inappropriate data avail

able in the literature. 

Techniques by which one's unique center of gravity 

locations can be determined are of value and importance to 

the researcher. Wells and Luttgens (1976) advised caution 

when using center of gravity data not specific to the 

1 
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population being studied. They have stated that the 

" .. calculations ... have to be considered as esti~ 

mates ... " (pp. 372-373) when non-population specific 

center of gravity locations are utilized. Broer (1979), 

Contini, Drillis, and Bluestein (1963), Jensen and Schultz 

(1977), Kalenda (1964), and Kjeldsen (1972) echo the warn

ings that existing data for center of gravity locations 

are limited in general application for the analysis of hu

man movement. According to Hay ( 1973 ), ''Detailed quanti

tative analyses of human motion require a knowledge of the 

location of the center of gravity of the body whose motion 

is being studied" (p. 20). Researchers, therefore, seem 

to be in agreement that it is desirable to utilize the 

most accura~e and appropriate center of gravity data pos~ 

sible. 

A technique for generating segmental center of 

gravity locations with relative ease and a high degree of 

accuracy-remains to be developed. Such a technique would 

be valuable to the researcher. 

It is clear that the most accurate understanding of 

movement parameters of human beings requires scientific 

investigation. More specifically, investigation of spe

cific movement patterns and/or general motor performance 

of individuals with Down's ·Syndrome necessitates the 

utilization of center of gravity locations specific to 
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that population. 

It has been commonly accepted and supported by the 

literature that differences do exist between handicapped 

and normal individuals in body structure, motor ability, 

and movement capabilities. ·The nature and the magnitude 

of the differences are dependent upon the type and severity 

of the handicapping condition. Studies of physical devel

opment (Dutton, 1959; Kramer, 1969; Laffoon, 1968; Mosier, 

Grossman & Dingman, 1965; Rarick, Rapaport, & Seefeldt, 

1964; Seefeldt, 1965) and motor performance (Burkett, 

1973; Cratty, 1966; Francis & Rarick, 1959; Pertejo, 1952; 

Pope, 1978) have been conducted in which the researchers 

analyzed specific movement parameters of Down's Syndrome 

individuals~ ·The results have supported the existence of 

differences between the normal and Down's Syndrome popu

lations. 

Several researchers (Adrian & Auxter, 1967; Auxter, 

1973; Burkett, 1973; Pope, 1978) have utilized cinemato

graphic and biomechanical analysis techniques to investi

gate the motor performance of mentally retarded indi

viduals. Pope and Burkett have looked specifically at 

selected movement patterns of Down's Syndrome individuals. 

None of these investigations was conducted in sufficient 

detail to require the utilization of center of gravity 

data. 
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The determination of total body and segmental center 

of gravity locations of Down's ·Syndrome individuals would 

provide baseline data for future investigations. It seems 

possible that a significant difference found in the center 

of gravity locations might affect the results of biomechan

ical analyses. When detailed quantitative analyses of the 

motion of Down's .syndrome individuals yield objective data, 

methods of instruction and assistance in motor performance 

of the Down's .syndrome individual could be modified or de

veloped. 

Purpose of the Study 

The purpose of this study was to validate a photo

grammetric technique for determining center of gravity 

locations and~ to utilize this technique with selected 

Down's Syndrome and normal individuals. 

Statement of the Problem 

The validation of a photogrammetric technique was 

under investigation in this study. Total body centers of 

gravity on 80 subjects were obtained by the center of 

gravity board technique. Segmental center of gravity lo

cat·ions were obtained on normal adult subjects through 

the immersion technique. ·Both sets of data were compared 

statistically to t6tal body and segmental data through 

the photogrammetric, computer-generated technique. 
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A secondary purpose of the investigation was the loca

tion of total body and segmental centers of gravity of 40 

Down's ·Syndrome individuals, placed equally by number in 

each of four groups: (a) 6- to 10-year-olds, (b) 11- to -18-

year-olds, (c) adult males (19 years and older), and (d) 

adult females (19 years and older). Also under investi

gation was the location of total body and segmental cen

ters of gravity of 50 normal individuals, placed in the 

following three groups: (a) ten 6- to 10-year-olds, (b) ten 

II- to 18-year-olds, and (c) 30 adults, male-and female. 

All subjects resided in California or Washington. 

During the spring of 1980, each subject's total body 

center of gravity was evaluated utilizing a center of 

gravity board. Each subject was tested in one horizontal 

and two upright positions in order to determine the center 

of gravity in all three planes of the body. In addition, 

each subject was photographed from side and front views. 

Segment length and breadth measurements were collected 

from the photographs for utilization in a computer pro

gram designed to generate segmental center of gravity loca

tions. The computer program was adapted from a mathemati

cal modeling technique developed by Sady, Freedson, Katch, 

and Reynolds (1978). Based upon the results, a conclusion 

was drawn regarding the validity of the technique and the 

difference in total body and segmental centers of gravity 
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between selected Down's Syndrome and normal subjects. 

Research Questions of the Study 

The research questions which the study proposed to 

answer were the following: 

1. What is the average per9entage of error between 

the center of gravity board method and the photo-

grammetric technique for determining the total 

body center of gravity? A 5% error was the maxi-

mum error accepted. 

2. What is the average percentage of error between 

the immersion technique and the photogrammetric 

technique for determining segmental centers of 

gravity? A 5% error was the maximum error ac-

cepted. 

3. Is there a difference between the location of 

the total body center of gravity of 6- to 10-year-

old Down's Syndrome children and ·normal children, 

when compared with Palmer's (1944) data? 

4. Is there a difference between the location of the 

total body center of gravity of 11- to 18-year-old 

Down's Syndrome children and normal children, 

when compared with Palmer's (1944) data? 

5. Is there a difference between the location of the 

total body center of gravity of Down's .syndrome 
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adult males and normal adult males, when compared 

with Johnson's . (1976) data? 

6. Is there a difference between the location of the 

total body center of gravity of Down's Syndrome 

adult females and normal adult females, when com

pared with Johnson's . (1976) data? 

7. Is there a difference between the location of the 

segmental centers of gravity of 6- to 10-year-old 

Down's ·Syndrome and normal 6- to 10-year-old chil

dren? 

8. Is there a difference between the location of the 

segmental centers of gravity of 11- to 18-year-old 

Down's .syndrome children and normal 11- to 18-year

o 1 d r• ~c h i 1 d r en ? 

9. Is there a difference between the location of seg

mental centers of gravity of Down's Syndrome adult 

females and normal adult females, when compared 

with Johnson's (1976) data? 

10. Is there a difference between the loc~tion of seg

mental centers of gravity of Down's Syndrome adult 

males and normal adult males, when compared with 

Dempster's (1955) and Johnson's (1976) data? 



8 

Definitions and/or Explanations of Terms 

To promote . a clear understanding of the problem, the 

following definitions and explanations of terms were 

established for use throughout the study. 

Center of Gravity 

"The point where the sum of all the forces and force 

moments acting on the body is zero. It is the equilibrium 

point" (Wells & Luttgens, 1976, p. 353). 

Total Body Center of Gravity 

That point in the human body at which the three 

planes of the body intersect, and about which its mass is 

concentrated (Hinson, 1977). 

Segmental Center of Gravity 

The location of the center of gravity for a given 

segment of the body. The following segments were included 

in this study: foot, shank, thigh, hand, forearm, upper 

arm, and head and trunk. 

Center of Gravity Board 

A symmetrical board (6 feet long, 2 feet wide) with 

a knife-edge support at each end. The center of gravity 

board, when placed horizontally on a scale at one end and 

on an equally level surface at the other end, provided 

the investigator with the measure necessary for determining 

the location of the total body center of gravity (LeVeau, 
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1977). A diagram of the center of gravity board appears in 

Appendix A. 

Down's Syndrome (Mongolism) 

A condition resulting from a chromosomal abnormality; 

characterized by mental retardation and with such physical 

signs as slanted-appearing eyes, flattened features, short

ness, and tendency towards o~esity (Hallahan & Kauffman, 

1978). 

Normal Individual 

Any given individual found in the general population 

not having an identifiable handicapping condition. 

Delimitations of the Study 

The study was subject to the following delimitations: 
,, .. . .. 

1. Ten Down's Syndrome individuals in each age cate-

gory (6-~to 10-year~olds, 11- to 18~y~ar-olds,· 

adult females, and adult males). 

2. Ten normal individuals in · two age categories (~ 

to 10-year-olds and .·11- to 18-year-olds. 

3. Fifteen normal adult females and fifteen normal 

adult males. 

4. The extent to which the subjects were representa-

tive of their particular age, sex, and handicap-

ping or non-handicapping condition, and were bi-

laterally symmetrical. 
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5. The reliability of the examiner in obtaining data 

from the center of gravity board. 

6. The extent to which the center of gravity board 

was a feasible, appropriate, valid, and reliable 

instrument. 

7. The objectivity of the investigator in entering 

data (X and Y coordinates) on data collection 

sheets and typing those data into the computer 

data files. 

8. The extent to which the photogrammetric technique 

for determination of the total body and segmental 

centers of gravity was valid and reliable. 

9. The use of a single statically positioned camera 

in cpllecting both front and side views of each 

subject. 

10. The extent to which the mathematical modeling 

technique was valid. 



. ~ . 

' :~. ·. 

CHAPTER II .· 

REVIEW OF RELATED LITERATURE 

No previous study has been undertaken which is iden-
. ;l ; ' · .. ·1 '. ; , r· ·. 

tical to the proposed investigation. ·The following review 
'1' ) . .: ·• •• ,' 

of the related literature emphasizes 20th century studies 

in which the total body center of gravity and/or segmental 
J, ~. ... 

centers of gravity have been investigated. Since there 
<. ,, 

are no reported results of investigations into the center 
' ' · ,, t'"' ,,.., 
·• ! ... , ,},,[ 

of gravity locations of handicapped individuals, this re-

, I' 

view is limited to those related studies undertaken with · ~ 

normal subjects. 

The weight, volume, a~d center of gravity of the hu-

man body and its segments have been investigated since the 

17th century. The majority of the research has involved 

male subjects; these have been primarily adult males. The 

investigations utilizing male subjects include various 

cadaver studies (Braune & Fischer, 1889; Dempster, · 1955; ~ 

Fischer, 1906; Parks, 1959) and studies involving living 

subjects (Borelli, 1679; Cleaveland, 1955; Drillis, 

Contini & Bluestein, 1964; Plagenhoef, 1971). Relatively 

few investigations have involved female subjects (Fox & 

Young, 1954; Hellbrandt, Riddle, Larsen, & Fries, ' 1942; rt5 
!• 

I • ' ' ~~· 
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Johnson, 1976; Kalenda, 1964; Kjeldsen, 1972); even fewer 

_have involved children (Palmer, 1944; Swearingen, Braden, 

Badgley, & Wallace, 1969; Zook, 1932). 

Since researchers have not only investigated and re

ported total body and segmental center of gravity locations 

of various age and sex groupings, but also have utilized a 

variety of methods and techniques, the review is divided 

into four sections to reflect these groupings and methods. 

The sections are as follow: (a) Total Body Center of 

Gravity, (b) Segmental Center of Gravity, (c) Photogram

metric Technique, and (d) Mathematical Modeling Technique. 

Total Body Center of Gravity 

Reynolds and Lovett (1909) investigated the location 

of total body center of gravity in the standing pos~tion 

and its relationship to bony landmarks. Included in the 

report · was a description of the method used to find this 

relationship. First, the subject's -center of gravity was 

determined utilizing a long board balanced by knife-edges 

under both ends. Then the subject's bony landmarks were 

identified and measured for height and horizontal displace

ment from the subject's ·mallelous. There was no conclusion 

drawn as a result of this study other than the feasibility 

of ascertai~ing the height of the center of gravity in re

lation to structural landmarks. 
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Croskey, Dawson, Luessen, Marohn, and Wright (1922) 

investigated the height of the center of gravity of 50 

adult males and females. Like the method of Borelli, 

their method was dependent upon adjustments in the position 

of the subject over a fulcrum. The investigators found the 

average center of gravity location to be 56.18% of body 

height for men and 55.44% of body height for women, as mea

sured from the floor. They found no correlation betw~en 

the height of the center of gravity and the body weight or 

height of the subject. More variability in the height of 

the center of gravity was found in women than in men . 

. Cureton and Wickens (1935) utilized a test of the 

center of gravity developed by Cureton (Antero-Posterior 

Center of Grav~ty Test) and subjected it to correlation 

with posture, physical fitness, and athletic ability. Two 

hundred and thirty-three male college physical education 

majors were assessed on center of gravity, posture, physi

cal fitness, and athletic ability. The results of the in

vestigation were as follows: (a) the center of gravity 

test was determined to be easy to administer, (b) strength 

and power were determined from the center of gravity test, 

(c) posture was determined from the center of gravity 

test, (d) the center of gravity test was not influenced by 

body build, and (e) positive correlations were found to 

exist between the center of gravity position and muscular 
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condition, athletic ability, and posture. 

Palmer (1944) studied the center of gravity of the 

human body during growth. Twelve hundred individuals, 

aged six months to twenty years served as subjects. 

Palmer designed a special balance board that when tilted 

at a given angle yielded the location of the total body 

center of gravity. He found that during the developmental 

period the relative position of the height of center of 

gravity ranged from 55% to 59% of a person's height. 

Palmer reported that the center of gravity was 20 em above 

the trochanter in the newborn and 10 em above the tro

chanter in the adult. Palmer (1928) reported in an ear

lier study that with infants between the ages of 30 and 

46 months, the ·•center of gravity ranged from 57% to 59% 

of the body height. 

Extensive measurements of total body center of gravi-

ty locations were reported by Swearingen (1962). 

Swearingen tested five subjects, representing a wide range 

of variability in body sizes and weights, in 67 positions. 

An additional 27 subjects were utilized to verify the 

range of center of gravity locations established for the 

original five subjects. Ninety-six percent of the center 

of gravity locations of the additional subjects fell 

within the experime.ntally determined range for the sitting 

position ·and 89% fell within the range of the 



15 

experimentally determined standing position center of 

gravity. 

Santschi, DuBois, and . Omoto (1963) investigated the 

shifting of the center of gravity in relation to changes 

in limb positions. They studied the moments of inertia 

and centers of gravity of 66 living male subjects in a 

variety of body positions. One portion of the procedure 

involved strapping the subject to a large compound pendu

lum. Eight body positions were investigated, with 50 

anthropometric dimensions taken on each subject. The in

vestigators concluded that the center of gravity shifted 

as expected with changes in limb positions. 

Swearingen, Braden, Badgely, and Wallace (1969) sub

stantiated the·•previous findings of Palmer (1928) on the 

center of gravity of infants. ·One hundred and thirty-five 

infants, aged 1 to 36 months, were utilized in this study. 

The infant center of gravity location was found to range 

from 57% to 59% of body height. In addition, the re

searchers found that the height of the center of gravity 

remained more or less constant throughout life at approxi

mately 6 inches above the crotch. 

Segmental Center of Gravity 

An early study in 1931 was undertaken by Bernstein, 

Salzgeber, Parle~ko, and.Gurvich. They conducted an 
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extensive study of the masses, centers of mass, and moments 

of inertia of a large sample of male and female subjects. 

The original work was published in Russian and was not 

available in the United States until the 1960's. Bernstein . 

(1967) indicated that the data were collected on 152 living 

subjects (76 males, 76 females) between the ages of 10 and 

75 years. Bernstein utilized a sophisticate~ version of 

the reaction board (center of gravity board) procedure. 

Scale readings were taken every time the subject assumed a 

different position. The scale reading allowed the investi

gator to calculate the location of the segmental center of 

gravity and segment mass. Bernstein's findings were re

ported as relative masses of the limbs and the radii of 

the segmental center of gravity (distance between the 

proximal joint and the center of gravity) . . 

The first study involving children was undertaken by 

Zook (1932). zook, in a study of physical growth, mea

sured segment volumes by means of water displacement. The 

sample for this investigation included boys, aged 5 to 19, 

divided into two groups: a well-nourished group and an 

under-nourished group. The ~ajor outcome of the study was 

the establishment of norms for each age group for sizes 

and relative growth rates of body segments. 

In 1955, two studies were undertaken. Cleaveland used 

an immersion technique for determining the weight and 
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segmental centers of gravity of 11 male college students. 

Cleaveland attempted to determine the centers of gravity 

in the transverse plane of 10 body segments. An under

water weighing technique was used. The subjects were 

suspended in the air on a hammock attached to a spring

scale above a water-filled tank. The subjects were 

weighed in the air and then again with a specific segment 

immersed in the water. The difference in weight was con

sidered to be equivalent to the weight of the volume of 

the segment. The center of gravity was determined by 

raising the ·segment out of the water until one-half of 

the weight difference was reached. That point was then 

marked and measured as the point of the center of gravity 

from the end of the segment. His findings were reported 

as segment volumes in percentage of volume, and proximal 

location of center of gravity as percentage of segment 

length. 

Dempster (1955) completed a study of segmental center 

of gravity utilizing eight male cadavers, 52 to 83 years 

of age. This study yielded the widely used data on weight, 

volume, moments of inertia of body segments, and segmental 

centers of gravity. Dempster weighed the eight male ca

davers, dismembered them, and weighed the segments. He 

then determined the proportional weight for each segment. 

The center of gravity for each segment was located and 
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reported as the percentage distance of segmental centers 

of gravity from the joint centers. 

Dempster (1955) described a procedure for segment 

volume determination through immersion. ·This immersion 

technique consisted of measuring the volume of water dis-

placed from a water-filled tank by a given segment. The 

displaced volume of water was said to be equal to the 

volume of the segment. For purposes of his study, Dempster 

selected 39 white college-age males, representing the four 

body builds (median, rotund, thin, muscular). The volumes 

for each segment were determined and the data used to lo-

cate the segmental centers of gravity in terms of per-

centage of segment length. 

An extensive study was undertaken by Clauser, 

McConville, and Young (1969), involving the dissection of 

13 male cadavers into 14 sections. Clauser et al. (1969) 

determined the weight, volume, and center of mass of each 

segment. Anthropometric measurements · of the segments in-

eluded breadth, length, and circumference. The relation-

ship between segment size parameters and segment weight, 

volume, and center of mass location were determined. 

This formed the basis for the estimation of the same 

parameters of living human beings. It was concluded that 

the anthropometry of . the body could be used to predict 

weight and location of segmental centers of gravity. 
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The three most rec~nt studies involving center of 

gravity determination were conducted by Plagenhoef (1971), 

Kjeldsen (1972), and Johnson (1976). Plagenhoef utilized 

the water displacement technique to determine the segment 

weights of 76 college-age women and 7 modern dancers. 

Plagenhoef reported his findings as body segment percent-

ages of total body weight and segment .length percentages 

of total height. 

Additional data on college age women were provided 

by Kjeldsen (1972). Subjects for this study were six 

gymnasts and six non-gymnasts. Kjeldsen reported body 

segment percentages of total body weight. In concurrence 

with the findings of Plagenhoef (1971), Kjeldsen concluded 

that the trunk center of gravity of males was higher than ., 
that of females. She also found that the center of grav-

ity of the trunk ·in females with shoulders wider than hips 

was slightly higher than those with wider hips than shoul-

ders. Although this difference was n0ted, the total body 

center of gravity remained closer to the overall center of 

gravity location of females than of males. The implica

tion here, according to Kjeldsen, was that regardless of 

body build, females differ from males in center of gravity 

location and so data obtained from males should not be 

utilized in the movement analysis of women. 

Johnson (1976) investigated the ratio of segment 
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weights to total body weight and the location of segmental 

centers of gravity in the living male and female. Ten 

adult males and ten adult females served as subjects. 

Measurements taken included weight, volume, and length of 

the whole body and its ·segments. Center of gravity loca

tions and the ratio of segment weight to total body weight 

were then calculated. Johnson found significant differ

ences (at the .05 level) between males and.females in the 

center of gravity location in the whole body, lower leg 

segment, and foot segment. In accordance with results of 

previous investigations, the female's whole body center 

of gravity was lower than the male's and the mass distri

bution of the whole body in the female was more distal 

than that of the male. 

Photogrammetric Technique 

Hertzberg, Dupertius, and Emanual (1957) investigated 

photogrammetry as a tool for studying humans. Stereo

photogrammetry.was utilized in the. determination of anthro

pometric measures of an unspecified number of United 

States Air Force personnel. The data obtained from the 

photographs were compared with the measurements made di

rectly on the subjects. The comparative analysis revealed 

a discrepancy of generally less than 1%. 

The validity of stereophotogrammetry in volume 
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de t e r min at ion was first investigated by Pie r son · ( 1 9 59 ) . A 

. basketball, the test object, was subjected· to three methods 

of volume dete~mination; calculations were made photo

grammetrically, geometrically, and by water displacement. 

The photogrammetric results were found to be within 3% of 

those obtained from the other methods. Pierson concluded 

that the technique was valid and that possibilities 

existed for using photogrammetry to calculate human body 

volumes. 

A few years later, Pierson (1961) applied a photo-

grammetric technique in the determination of body volume. 

A male model was used in this study . . The volume data 

obtained from the monophotogrammetric technique were com-

pared with the data collected from the water displacement 
( '~ 

technique. The analysis revealed a difference of 1.79%. 

Pierson concluded that the monophotogrammetric technique 

for volume determination is less accurate than stereo-

photogrammetry, but nonetheless accu~ate. He suggested 

that the photogrammetric technique is more accurate than 

water displacement and formula methods. 

Jensen {1978) utilized a photogrammetric method in 

estimating biomechanical properties of young boys. Three 

boys of three body types were utilized in this investiga

tion. Data from the photographs were collected by digi-

t i z in g t he r e q u ired p o in t s. • A compute r P r o'g ram , ref 1 e c t in g 
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a mathematical model of the human body, was utilized in 

the analysis and calculations of the segmental and total 

body parameters from the digitized data. The difference 

between total body mass data as obtained by the photo-

grammetric technique ard as by measured on a scale was 

calculated and found to be less than 2%. It was con-

eluded that the accuracy for determining body mass for 

all three body types was better than 98%. 

The most recent investigation utilizing a photo-

grammetric technique was reported by Gagnon and Rodrique 

(1979). The purpose was to compare anthropometric, im-

mersion, and photogrammetric techniques. The determina-

tion of mass, center of mass location, and moments of 

inertia of the right forearm were specifically investi-
· ~ 

gated. Twenty-nine male college students served as sub-

jects in this study. The data collected from the three 

methods were compared statistically by mea~s of one-way 

analysis of variance with repeated measures and subse

quent Scheffe test. Due to the nature of the results, 

the authors highly recommended the photogrammetric 

technique for predicting the physical properties of the 

forearm segment. 
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Mathematical Modeling Technique 

Sady, Freedson, Katch, and Reynolds (1978) have pro

posed a theoretical model.for calculating total body 

volume. The theoretical model (mathematical model) used 

three geometric shapes (truncated right cone, right

angled parallelipiped, and a frustrum of a pyramid) to 

represent 10 different body segments. Each segment was 

assigned the geometric shape most representative of that 

segment, as based upon approxim8;tion to actual segment ': 

configuration supported by the literature (Clauser et al., 

1969; Dempster, 1955; Harless, 1860). Sixty-three males ~ · 

with a mean age of 30.3 years were placed into three 

groups (small, medium, and large) based upon anthropo-

metric measurements. These subjects were utilized to 

demonstrate the validity of the model for predicting total 

body volume in subjects of different body sizes. 

Sady et al. concluded that the mathematical mod~ling 

technique was valid based upon the high correlation 

(p = .98) between the model-based predicted total body 

volume and actual body volume. They also found that the 

model was not size specific, indicating that the " •.. 

body configuration is constant in individuals of differ- ··. 

ing body sizes" "( p·. 539), and that the model could be 

utilized with the differing body sizes. 



CHAPTER III 

PROCEDURES FOLLOWED IN THE 

DEVELOPMENT OF THE STUDY 

The present study was undertaken to validate a photo

grammetric technique for determining center of gravity lo

cations and to utilize this technique with selected Down's 

Syndrome and normal individuals. Procedures are discussed 

under the following headings: (a) Preliminary Procedures; 

(b) Selection of Subjects; (c) Selection of Instruments; 

(d) Collection of the Data; and (e) Treatment of the Data. 

Preliminary Procedures 

Prior to undertaking the study, the investigator 

studied and assimilated related literature. Related lit

erature was reviewed in Chapter II under the following 

headings: (a) Total Body Center of Gravity, (b) Segmental 

Center of Gravity, (c) Photogrammetric-Technique, and (d) 

Mathematical Modeling Technique. 

Following review of the available related literature, 

a tentative outline for the proposed study was developed. 

The outline was disseminated to members of the disserta

tion committee for suggestions. The revised outline was 

approved, after which the prospectus of the study was 

24 
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filed in the Office of the Provost ·of the Graduate School 

at Texas Woman's University. Filed with the prospectus 

were letters of consent from the following sources: (a) 

Anaheim City Schools, Anaheim, Califo~nia; (b) Lakeland 

Village, Lakeland, Washington; (c) Spokane Public Schools, 

Spokane, Washington; (d) Pullman Public Schools, Pullman, 

Washington; and (e) the Texas Woman's University Human 

Subjects Review Committee. Copies of these letters ap-

pear in Appendix B. 

Selection of Subjects 

The sampling design for this study entailed the 

identification of the appropriate number of Down's Syn-

drome and normal individuals according to age and sex. 

These individuals resided in California and Washington. 

While in California, the investigator took the op-

portunity to test five Down's Syndrome individuals who 

were available. Only three of the five were included in 

the final sample. The remaining subjects resided in Wash-

ington. 

Data were collected from 90 individuals in this 

study. Forty Down's Syndrome individuals were placed 

equally by number and sex in each of four groups: (a) 6-

to IO-year-olds, (b) 11- to 18-year-olds, (c) adult males 

(19 years and older), and (d) adult females (19 years and 
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older). The Down's Syndrome subjects included were cur

rently enrolled in Anaheim City Schools, Pullman Public 

Schools, and Spokane Public Schools or resided at 

Lakeland Village, a residential care facility for mentally 

retarded individuals in Lakeland, Washington. All three 

types of Down's Syndrome (Trisomy, Translocation, Mosaic) 

were represented by this sample. The majority of the 

subjects were Trisomy Down's -Syndrome; a few subjects were 

of the Translocation types; and at least one subject was 

Mosaic. Due to confidentiality and otherwise unavailable 

or unknown information, these data remain incomplete. 

Fifty subjects, classified by the investigator as 

being normal, were selected for inclusion in this study. 

These subjects were volunteers who were enrolled in the 

Pullman Public Schools and Washington State University, 

Pullman. The adult sample included those enrolled in 

activity courses or graduate students of the Departments 

of Physical Education for Men and Women at Washington 

State University. 

Selection of Instruments 

Prior to selection, a thorough review of the litera

ture was undertaken to determine the appropriate instru

ments to be utilized in this investigation. The center 

of gravity board technique was selected for the 
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determination of the total body center of gravity location. 

The immersion technique was utilized in the determination 

of the segmental centers of gravity. A mathematical model 

was adapted which provided the basis for the photogram

metric technique. 

A center of gravity board was constructed by the in

vestigator. The dimensions of the board were in accor

danse with specific requirements mentioned in the litera

ture {LeVeau, 1977). A copy of the diagram with dimen

sions of the board appears in Appendix A. A pilot study 

was conducted to determine the investigator's reliability 

for use of the center of gravity board; by use of Pearson 

Product Moment Correlation, the reliability was determined 

to be .977 based upon a sample size of 30. 

To establish investigator reliability in utilizing 

the immersion technique, 30 college age students were 

utilized. The subjects were tested twice, at least two 

days apart. The immersion data were statistically com

pared by the use of Pearson Product Moment Correlation. 

The reliability was determined to be .994. 

The photogrammetric technique required the writing 

of a computer program which would accept digitized data 

from photographs. The computer program (Hall, 1980), an 

adapted version of Sady's et al. (1978) mathematical model, 

was created and stored on the Amdahl computer at Washington 
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State University. A copy of the program was also stored 

on the DEC System 20 computer at Texas Woman's University. 

Prior to utilizing actual data, the investigator's 

reliability for digitizing data from photographs was cal

culated. Available film on several human subjects was pro

jected to one-fifth actual size. Thirty segment lengths 

and breadth measurements were taken twice and statistically 

treated. The Pearson Product Moment Correlation was found 

to be .989. 

A sample of 10 subjects were utilized in the pilot 

study of the validity of the photogrammetric technique. 

The results from the photogrammetric technique were com

pared with the data collected from the immersion technique. 

The results indicated the following: (a) the computer 

program was functioning appropriately and consistently 

and (b) the photogrammetric technique warranted further 

investigation. 

Collection of the Data 

Prior to the collection of the data, the following 

were completed: (a) data collection sheets were developed, 

(b) instruments were calibrated, (c) arrangements were 

made for the collection of the data, and (d) parent per

mission forms were devised, distributed, and collected. 

Samples of the data collection forms appear in Appendix C; 
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samples of the parent permission forms appear in Appen

dix D. 

Three methods were utilized to collect data. Not 

all subjects were evaluated by the three methods. All 

subjects (n=90) were photographed from the front and side 

views. All but the first 10 pilot study subjects (n=80) 

were evaluated utilizing the center of gravity board. 

Due to the unpredictability of the behavior of young and 

Down's Syndrome subjects and the nature of the technique, 

only the 30 normal adult subjects were evaluated using 

the immersion technique. 

The following background data were collected on each 

subject: (a) age or date of birth, (b) height, and (c) 

weight. Data on the type of Down's Syndrome were collected 

when that information was known and available to the in

vestigator. 

Center of Gravity Board Technigue 

Prior to each testing session, the center of gravity 

board was placed horizontally on a scale at one end and 

on an equally level surface at the other end. A scale 

reading was taken to determine the weight of the board 

while in the horizontal position. This scale reading was 

noted and used for calculating the location of each sub-

ject's center of gravity. 
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A supine position was assumed by the subject with the 

top of the head placed directly above the knife-edge sup

port on the platform; arms were held at the sides. An

other scale reading was taken and recorded. 

The subject was then asked to stand on the center of 

gravity board in a front-facing position (facing the 

scale) near the geometric center of the board. For the 

Down's Syndrome children (6-18 years), tracings of the 

feet and location relative to the center of the board were 

made. For the adult Down's Syndrome and all the normal 

individuals the subject's lateral malleoli were positioned 

over the center of the board. While the subject stood 

erect and as still as possible, a scale reading was taken 

and recorded. 

The last test position was the side-facing position. 

As with the front-facing position, feet and location trac

ings were made on the Down's Syndrome children. For all 

other subjects, the lateral malleoli served as the land

marks for positioning the body over the center of the 

board. The last scale reading was taken and recorded. 

The height of the vertical center of gravity location 

was calculated in centimeters and percentage for each 

subject. The following formulas were used in the calcula

tions where B = weight of the board; S + B = weight of 

subject on board; L = length of the board from knife-edge 
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supports; W = weight of subject; d = distance from knife

edge support to center of gravity location; ht = height of 

subject; and C of G% = percentage of height where vertical 

center of gravity is located: 

I . 

2. 

d = [ (S + B) - 8] L 
w 

C of G% = d ht X 100 

Photogrammetric Technique 

All subjects were evaluated using this technique. 

Each subject was photographed in anatomical position. The 

subject, in bathing suit, was first photographed in the 

front-facing position; the subject was turned 90° and the 

side-facing photograph was taken. The still photographs 

were taken with a 35mm Pentax camera at a distance of 3 to 

4 m,. 

After development of the slides, the next step in the 

data collection was to digitize the segmental measurements. 

Each slide was projected at or close to one-fifth actual 

height. The digitizer pen was placed at each point neces-

sary for determining the segmental measurements and the X 

and Y coordinates copied onto the data collection sheet. 

The data points were digitized in accordance with the 

requirements of the adapted version of the mathematical 

mode 1. In the adapted version, the human body was divided 
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into II sections and each assigned a geometric shape. The 

following are the sections and the associated shapes: 

1. Head-Neck .... Right angled parallelpiped 

2. Upper Chest 

3. Lower Chest 

. Frustrum of a pyramid 

. Frustrum of a pyramid 

4. Hips ....... Frustrum of a pyramid 

5. Thigh . Truncated right circular cone 

6. Upper Shank ... Truncated right circular cone 

7. Lower Shank 

8. Upper Arm 

9. 

10. 

Forearm 

Hand . 

11. Foot .. 

. Truncated right circular cone 

. Truncated right circular cone 

Truncated right circular cone 

. Modified trapezoidal wedge 

. . Triangular wedge 

In order to obtain the necessary circumference and subse

quent volume measurements, length and breadth measurements 

for each of the above sections of the body were digitized. 

The hand segment was digitized from the tip of the middle 

f i n g e r to t h e j o in t c e n t e r at the w r i st.. The o t he r s e g

ments were digitized from joint center to joint center. 

The exact points digitized and· the ·formul_as are presen.ted 

in Appendix C. 

Each x and y coordinate was then systematically typed 

into a computer terminal and stored in. a data file. The 

90 data files were submitted to the ~mental Center of 

Qravity (SEGCOG) program (Hall, 1980), which generated the 



33 

following: (a) segmental center of gravity for head and 

neck, trunk, thigh, shank, foot, upper arm, forearm, 

hand; (b) height of total body center of gravity; and (c) 

displacement of the line of center of gravity in the 

sagittal plane. The generated data were presented in 

centimeters and in percentage of length from the proximal 

joint. The displacement (z - coordinate) was present~d in 

centimeters only. A sample of the data printout appears 

in Appendix E. 

Immersion Technique 

The immersion data were collected using a hard plastic 

immersion tank approximately 90 em deep, 38 em long, and 

30 em wide. The immersion tank was large enough to col

lect data on eaoh subject's foot, shank, hand, forearm, 

and upper arm. 

The tank was placed on a scale calibrated to tenths 

of a pound. A baseline scale reading of the tank filled 

with water was taken and recorded. 

In preparation, each subject's joint centers were 

marked with a felt-tipped marker. The subject was then 

asked to immerse a given segment to the joint center and 

hold the position until another scale reading was taken. 

The baseline weight was subtracted from the new scale 

reading and divided in half. The scale was then set at 
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this calculated weight, representing the point of the cen- . 

ter of volume. The subject slowly withdrew the segment 

from the water until the scale was balanced. A line was 

drawn on the segment at the point of the water level. 

The distance between the marked joint center and the water 

line was measured in centimeters and recorded. This dis

tance represented the distance from the segmental center 

of gravity to the proximal joint. 

This process was continued for each segment. All 

segments, except the foot, were immersed vertically. The 

foot was immersed, parallel to the ground or horizontally, 

to the ankle joint. 

To determine · the shank center of gravity, the volume 

of the foot was excluded in the calculations. Similarly, 

the hand volume was excluded from the calculations for the 

forearm; and the forearm and hand volumes excluded from 

the upper arm. Periodic checks of the baseline water 

weight were taken in order to account for the inevitable 

water loss. 

Treatment of the Data 

Data collected in this study were compiled and or

ganized in raw data tables which appear in Appendix F. 

The data were studied and synthesized in order to answer 

the specific questions proposed by this investigation. 
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The reliability coefficients on the center of gravity 

board, the immersion technique, and the digitized data 

were determined by means of the Pearson Product Moment 

Correlation technique.: In the pilot study, which utilized 
I 

the data collected on 10 subjects, a comparison was made 

between the segmental centers of gravity obtained by the 
i . 

immersion and photogrammetric techniques. This comparison 

was statistically treatedrbY means of the Pearson Product 
~~ . 

Moment Correlation. The data utilized in the validation 

of the photogrammetric technique were subjected to analysis 

by the Pearson Product Moment Correlation as well as a 

mathematical formula which calculated the percentage of 

error. The data used in comparison of center of gravity 

locations between the normal and Down's Syndrome indi-

viduals were not subjected to any statistical analysis. 

The range, mean, and standard deviation were calculated 

for each group. 

The findings of the study are presented in.the tables 

which appear in Chapter IV. The summary, conclusion and 

recommendations are presented in Chapter V. 



CHAPTER IV 

PRESENTATION OF THE FINDINGS 

The purpose of this study was to validate a photo

grammetric technique for determining total body and seg

mental center of gravity locations and to utilize this 

technique with selected Down's Syndrome and_normal indi

viduals. The data collected and analyzed from this in

vestigation are presented under ±he following headings: 

(a) Description of the Subjects, (b) Validation of the 

Photogrammetric Technique, (c) Comparative Analysis of 

Total Body Center of Gravity, and (d) Comparative Analysis 

of Segmental Center of Gravity. 

Description of the Subjects 

A total of 90 individuals, 40 Down's Syndrome and 50 

normal, served as subjects in the investigation. Table I 

presents a description of the subjects by age, sex, and 

category. 

A total of 10 subjects were in each of the age groups 

of Down's Syndrome subjects as shown in Table I. There 

were an equal number of male and female Down's Syndrome 

subjects in the 6- to 10-year-old and the II- to IS-year

old groups. Ten subjects were in both the 6- to 10-year-old 

36 
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Table -r 
Description of SubJ"ects by. A·ge, s ex, and Category 

Category 
a Group 

Down's Syndrome Normal 
b b n n 

6- to 10-yr.-olds ( 10) ( 10) 

Males 5 3 

Females 5 7 

11- to 18-yr.-olds (10) ( 10) 

Males 5 5 

Females 5 5 

Adult Males 10 15 

Adult Females 10 15 

Total 40. 50 

a Group presents age and sex information. 

bNumbers in parentheses indicate the total number of 
subjects in the 6- to :10- and 11- to 18-year-old ·groups. 

and 11- to 18-year-old normal groups. Because of the 

limited number of volunteers, the youngest group of normal 

subjects included three males and seven females. For the 

purpose of validating the photogrammetric technique for 

determining segmental centers of gravity, 30 normal adult 
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subjects (15 males and 15 females) were studied. 

Descriptive data for the 6- to 10-year-old subjects 

are presented in Table 2. The mean, standard deviation 
' 

and range for age, weight, and height are shown. 

Table 2 

Mean Descriptive Data of 6- to 10-Year-Old Subjects 

a Down's Syndrome Normal 
Variable 

Range b 
M so b Range M 

Age 3.10 9.60 1.21 0.90 9.80 
(7.80-10.90) (9.40-10.30) 

Height 26.00 121.90 10.01 18.00 138.30 

(110.50-136.50) (129.90-148.00) 

Weight 36.51 32.48 12.07 13.38 36.02 

(19.05-55.57) (29.48-42.87) 

so 

0.32 

5.54 

3.96 

aThe variables are reported in years, em, and kg, re
spectively. 

bThe numbers in parentheses are the low and high data 
points. 

The mean ages of the Down's Syndrome (9.6 years) and . 

the normal subjects (9.8 years) were quite similar. The 

rang e s i n age and standard deviation were greater in the 

Down' s Syndrome subjects when compared with those of normal 

s ubje c ts. on the average, the 6- to 10-year-old Down's 

Syndrome s ubjects were shorter than the 6- to 10-year-old 
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normal subjects; the mean·height.for the Down's Syndrome 

subjects was 47.98 in. (121.g em) and the mean height for 

normal subjects was 54.43 in. (138.3 em) .. The Down's Syn-

drome subjects tended to weight· less than the normal sub-

jects; the mean weight for the Down's syndrome subjects was 

71.6 lbs. (32.48 kg) as compared to a mean weight of 79.4 

lbs. (36.02 kg) for the normal subjects. More variability 

in age, height, and weight was found to occur in the Down's 

Syndrome subjects when the standard deviations and ranges 

of both groups were compared. 

Table 3 presents the means, standard deviations, and 

ranges in age, height, and weight of the 11- to 18-year-

old subjects. The descriptive data refer to both the 

Down's Syndrome and normal subjects . . 
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Table 3 

Mean Descriptive Data of 11- to 18-Year-Old Subjects 

Variable a 

Age 

Down's Syndrome 
b Range M SD 

6.91 15.32 2.53 
(11.50-18.41) 

Normal 
b Range M 

6.41 14.18 
(11.17-17.58) 

SD 

2.18 

Height 39.37 149.35 11.23 39.37 160.40 10.72 
(132.72-172.09) (143.51-182.88) 

Weight 47.97 55.03 10.21 40.82 53.43 13.13 
(31.29-79.27) (40.82-81.65) 

aThe variables are reported in years, em, and kg, re
spectively. 

bThe numbers in parentheses are the low and high data 
points. 

The average age of the Down's Syndrome subjects 

(15.32 years) was greater than that of the normal subjects 

(14.18 years). In this group, the average height of the 

Down's Syndrome subjects (58.80 in.; 149.35 em) was less 

than the average height of the normal subjects (63.15 in.; 

160.4 em). On the average, the Down's Syndrome subjects 

weighed more than the normal subjects; the mean weight of 

the Down's Syndrome subjects was 121.32 lbs. (55.03 kg) 

and the mean weight of the normal subjects was 117.8 lbs. 

(53.43 kg). In comparing the standard deviations and 
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ranges in age, height, and weight, it can be s~en that the 

two groups were similar. 

A description of status variables of the Down's Syn

drome and normal adult male subjects is presented in 

Table 4. The mean, standard deviation, and range · in age, 

height, and weight are shown for each classification. 

Table 4 

Mean Descriptive Data of Adult Male Subjects 

Variable a Down's Syndrome Normal 
b b Range M so Range M so 

Age 21.27 26.87 9.49 4.84 21.54 1.49 
(19.00-40.17) (19. 33-24.-17) 

Height 18.4£ 156.21 5.59 20.96 177.17 6.88 
(146.69-165.10) (168.91-189.87) 

Weight 43.99 73.51 11.88 25.40 72.09 7.45 
(54.43-98.43) (63.05-88.45) 

aThe variables are reported in yea_rs, em, and kg, re~ 
spectively. 

bThe numbers in parentheses are the low and high data 
points. 

The mean age of the Down's Syndrome males (26.87 years) 

was greater by 5 years than the mean age of the _normal adult 

males (21.54 years). The range in age of the Down's Syn

drome adult males (21.27 years) was much greater than the 
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range found with the normal adult males (4.84 years). This 

difference occurred as the availability. of Down's Syndrome 

subjects was limited. On the average, the Down's Syndrome 

subjects were shorter than the normal subjects; the mean 

height of the Down's Syndrome subjects was 61.50 in. 

(156.21 em) as compared to a mean height of 69.75 in. 

(177.17 em) for the normal subjects. The range and standard 

deviation for height were found to be similar for the two 

groups. The average weight of the Down's Syndrome adult 

males was 162.05 lbs. (73.51 kg). This was greater than 

the average weight of the normal adult males which was 

found to be I 58. 93· lbs. ( 72.09 kg). On the average, the 

Down's Syndrome subjects weighed more. This group of 

Down's Syndrome a~ult males exhibited variability in 

weight; the standard deviation was 26.18 lbs. (11.88 kg) 

and the range was 97.00 lbs. (43.99 kg). 

Descriptive data for the adult female subjects are 

presented in Table 5. The means, standard deviations, and 

ranges for age, height, and weight are listed in the table. 
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Table 5 

Mean Descriptive Data of Adult Female Subjects 

Variable a Down's Syndrome Normal 

Range b M b 
so Range M so 

Age 20.00 24.87 7.58 16.92 23.89 4.97 

(19.50-39.50) (19.58-36.50) 

Height 13.97 149.30 4.27 23.50 165.10 5.82 

(144.15-158.12) (154.31-177.80) 

Weight 48.65 67.55 12.95 27.22 62.22 7.89 

(49.31-97.98) (47.63-74.84) 

aThe variables are reported in years, em, and kg, re
spectively. 

bThe numbers in parentheses are the low and high data 
points. 

The mean age for the Down's Syndrome adult ·females 

(24.87 years) was greater by I year than the mean age for 

the normal females (23.89 years). A large range in age was 

found for both groups. The Down's Syndrome adult females 

were found to be less variable in height than the normal 

adult females as indicated by a. smaller standard deviation 

(1.68 in.; 4.27 em) and range (5.5 in.; 13.97 em) for the 

Down's Syndrome subjects when compared with the standard 

deviation (2.29 in.; 5.82 em) and range (9.25 in.; 23.50 em) 

of the normal subjects. The Down's Syndrome adult females 
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tended to be shorter than the normal adult females; the 

average height of the Down's Syndrome females was 58.78 in. 

(149.30 em) and the average height of the normal females 

was 65.00 in. (165.10 em). The average weight of the Down's 

Syndrome adult females (148.93 1bs.; 67.55 kg) was greater 

than the averagB weight of the normal females (137.17 lbs.; 

62.22 kg). As indicated by the standa~d deviation (28.55 

lbs.; 12.95 kg) and the large range in weight (107.25 lbs.; 

(48.65 kg), the Down's Syndrome adult females were fou·nd to 

be quite variable. Large variability was also found within 

the normal group (SO= 17.39 lbs., 7.89 kg; Range= 60.00 

lbs., 27.22 kg), but the overall variability in weight was 

less than that found with the Down's .syndrome subjects. 

As expected, differences in height and weight between 
I 

the Down's Syndrome and normal subjects were found. On the 

average, the 6- to 10-year-old Down's Syndrome subjects 

weighed less (71.60 lbs.; 32.48 kg) than the normal subjects 

(79.41 lbs.; 36.02 kg). The remaining Down's Syndrome sub

jects tended to weigh an average of 6.14 lbs. (2.78 kg) 

more than their normal counterparts. Greater variability 

in weight was noted in the Down's Syndrome subjects when 

compared to the normal subjects. On the average, the 

Down's Syndrome subjects were found to be 6.32 in. (16.05 

em) shorter than the normal subjects. As age increased, 

variability in height of the Down's Syndrome subjects 
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decreased. The standard deviation of the height for the 

6- to 10-year-old Down's Syndrome subjects was 3.94 in. 

(10.01 em); for the II- to 18-year-olds, 4.42 in. (11.23 

em); for the Down's S d d 1 f yn rome au t emales, 1.68 in. (4.27 

em); and for the Down's Syndrome males, 2.20 1·n. (5.58 em). 

In general, the Down's Syndrome subjects were shorter and 

heavier than the normal subjects. 

Validation of the Photogrammetric Technique 

The photogrammetric technique under investigation in 

the study required that data be collected from photographs 

of the subjects. Each subject was photographed twice: 

first from a front view and then a side view. Segment 

length and breadth measurements were digitized from the 

photographs. • The digitized data were entered into files 

and then interpreted by the computer program entitled 

SEGCOG (Hall, 1980); the program generated the total body 

and segmental center of gravity locations for each sub-

ject. 

Eighty individuals, 40 normal and 40 Down's Syndrome, 

were included as subjects in the validation of the photo

grammetric technique for determining total body center of 

gravity. The 10 subjects in the pilot study were not 

evaluated on total body center of gravity by the center of 

gravity board technique; thus, the validation sample 



46 

included only 40 of the 50 normals involved . in the invest~ 

igation. 

Each of the 80 subjects was evaluated by both the 

center of gravity board and photogrammetric techniques. 

The scores obtained by each method were compared and eval

uated according to the percentage of error. A 5% error was 

the maximum accepted by the investigator. The Pearson Pro

duct Moment Correlation was also applied to the data col

lected. The average percentage of error and correlation 

coefficients for each group as well as that of the total 

sample are presented in Table 6. 

The average percentage of error for the total sample 

was found to be 1.67%. The Pearson Product Moment Correla

tion coefficient petween the center of gravity and photo

grammetric techniques was determined to be .97. With the 

exception of the 6- to 10-year-olds, the average percentage 

of error for groups was less than 1.5%. The average per~ 

centage of error for the youngest grou~ was 4.59%. 
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Table 6 

Percentage of Error and Correlation Coefficients Between 
the Photogrammetric and Center of Gravity Board 

Group 

Down's Syndrome 

6-10 yrs. 

11-18 yrs. 

adult females 

adult males 

Normal 

6-10 yrs. 

11-18 yrs. 

adult females 

adult males 

Total Sample 

for Determining Total Body 
Center of Gravity 

n Percentage of Errora 

10 4.59 

10 I . 21 

10 0.50 

10 0.80 

10 3.11 

10 0.75 

10 I. 37 

10 I . 13 

80 I. 67 

Correlation 
b 

r 

. 56 

.85 

.98 

.95 

. 18 

.82 

.97 

.71 

.97 

aA 5% error was the maximum accepted by the investiga-
tor. 

bThe correlations are presented for the information of 
the reader. With the exception of the total sample, the 
group size was 10 and consequently, correlations must be 
interpreted cautiously. 
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The validity of the photogrammetric technique for de-

termining segmental centers of gravity required the compari-

son of data collected by the immersion and photogrammetric 

technique. Table 7 presents the percentages of error and 

correlation coefficients between the immersion and photo-

grammetric techniques. 

Table 7 

Percentage of Error and Correlation Coefficients 
Between the Immersion and the Photogrammetric 

Techniques for Determining Segmental 
Centers of Gravity 

Body Segment a Percentage of Error Correlation 
r 

Shank -6.4% b 
(-23.20%-+6.10%) 

.72 

Foot -1.7% b 
(-21.21%-+15.24%) 

.67 

Upper Arm 1. 1% b 
(-31.11%-+20.65%) 

.48 

Forearm -4. 1% b 
(-20.98%-+11.51%) 

.67 

Hand -8.9% b 
(-26.32%-+13.70%) 

.47 

aA 5% error was the maximum accepted by the investiga-
tor. 

bThe numbers in parentheses are the low and high data 
points. 
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The coefficients shown in Table 7 were calculated by 

means of the Pearson Product Moment Correlation. For all 

the segments compared, the correlation coefficients fell 

in the middle range (.47-.72). The percentage of error 

for all segments was less than 9%, on the average and 

ranged from -8.9% to 1.1%. Large ranges were found for all 

segments. 

Comparative Analysis of Total Body Center of Grav~ 

The total body center of gravity locations for Down's 

Syndrome and normal individuals were compared by age groups 

for the children, and by age and sex for the adults. The 

total body center of gravity locations were calculated as 

the percentage of height from the top of the head. The 

following tables present data which are specifically re-c 

lated to the research questions posed in Chapter I. 

Table 8 presents the means, ranges, and standard de

viations of the total body center of gravity locations 

for the 6- to 10-year-olds. The data are presented for 

both the Down's Syndrome and normal subjects. 
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Table 8 

Total Body Center of Gravity Location of 
6- to 10-Year-Old Subjects by the .. 

Photogrammetric Technique 

Center of Gravitya 
6 Range M ;r· · 

Down's Syndrome 3.8 
(42.2-46.0) 

44.0 

Normal 6.6 
(41.8-48.4) 44.7 

so 

1. 2 

2.1 

a Data are presented in the percentage of height, mea-
sured from the top of the head to the center of gravity 
location. · 

bThe numbers in parentheses are the low and high data 
points. 

Within the 6- to 10-year-old groups, the mean per-

centages for the Down's Syndrome and normal subjects were 

quite similar and were found to be within the range of per

centage (41%-45%) reported by Palmer (1944). ' A larger 

standard deviation (2.1%) for the normal 6- to 10-year-olds 

was found when compared to the standard deviation obtained 

for the Down's Syndrome subjects (1.2%). This is indicative 

of greater variability within the normal group. 

The data presented in Table 9 relates to the research 

question of differences in center of gravity location 
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betwe~n the 11~ to 18-year-old Down's Syndrome and 11- to 

18-year-old normal subjects. The means, ranges, and 

standard deviations of total body center of gravity loca

tion are shown. 

Table 9 

Total Body Center of Gravity Location of 
11- to 18-Year-Old Subjects by the 

Photogrammetric Technique 

Center of Gravity 
Category 

Range b 
M 

Down's Syndrome 4.4 44.7 
(42.7-47.0) 

Normal 3.1 42.8 
(41.3-44.4) 

a 

so 

1. 4 

1. 0 

a Data are presented in percentage of height, measured 
from the top of the head to the center of gravity location. 

bThe numbers in parentheses are the low and high data 
points. 

The mean percentages for the 11- to 18-year-olds fell 

within the range of percentage (41%-45%) identified by 

Palmer (1944). In this age group, the Down's Syndrome sub-

jects were found to have a lower c~nter of gravity as rep-

resented by the higher percentage (44.7%) when compared to 

the mean percentage found with the normal subjects (42.8%). 

The Down's Syndrome subjects showed slightly more 
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variability than the normal subjects. 

Table 10 presents the data on total body center of 

gravity lo~ation for the adults in this study. The means, 

ranges, and standard deviations are presented by category 

and sex. The data are relative to the research questions 

regarding differences in total body center of gravity loca-

tions between Down's Syndrome and normal males and females. 

Table 10 

Total Body Center of Gravity Location of Adult 
Subjects by the Photogrammetric Technique 

Center of Gravitya 
Category 

Down's Syndrome 

Males 

Females 

Normal 

Males 

Females 

Range 

8.4 
(43.7-52.1) 

7. 6 ' 
(42.0-49.7) 

2.7 
(41.6-44.3) 

1 . 6 
(43.5-45.1) 

M so 

45.7 2.5 ' 

46.2 2. 0 ' 

43.4 0.8 

44.1 0.6 

aData are presented in percentage of height, measured 
from the top of the head to the center of gravity location. 

bThe numbers in parentheses are the low and high data 
points. 
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The average percentages for the Down's Syndrome males 

(45.7%). and the Down's Syndrome females (46.2%) were greater 

than those obtained on the normal males (43.4%) and normal 

females (44.1%). These higher percentages reflect a lower 

center of gravity found in the Down's Syndrome subjects 

when compared to the normal subjects. As indicated by the 

greater standard deviations and larger ranges, the Down's 

Syndrome subjects showed considerably more variability than 

the normal subjects. The mean percentages for the male 

subjects fell within close proximity of the percentage 

(44.0%) reported for normal males by Johnson (1976). In 

the present study, the mean percentage (45.7%) for Down's 

Syndrome males was slightly larger; the mean percentage 

(43.4%) for normal males, slightly less. On the average, 

the Down's .syndrome males were found to have a lower center 

of gravity than that reported in the literature, as well as 

that found in the normal subjects in this study. The Down's 

Syndrome females followed a similar pattern. The mean per

centage found for Down's Syndrome females (46.2%) was 

greater than that percentage found for the normal females 

in this study (44.1%), as well as the percentage (45.5%) 

reported by Johnson (1976). This is indicative of a lower 

center of gravity location in Down's Syndrome females as 

compared to normal females. 

As a general pattern, the difference in total body 
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center of gravity location between the Down's Syndrome and 

normal subjects increased with age. More variability 

existed in terms of total body center of gravity location 

among the Down's Syndrome subjects than among the normal 

subjects. The average location of total body center of 

gravity was consistently lower among the Down's Syndrome 

individuals when compared to the normal subjects. 

Comparative Analysis of Segmental 
Centers of Gravi~ 

The location of segmental centers of gravity of Down's 

Syndrome and normal subjects by age and sex are presented 

in the following four tables. Since no normative data 

exist on segmental centers of gravity for children, Table II 

and Table 12 present the data obtained from the normal chil-

dren in this study by means of the photogrammetic technique. 

For comparative purposes, data from the Down's Syndrome 

children are also presented. 

Although presented in Table 13 and. Table 14, the data 

of the foot were not suitable for comparison with that of 

Johnson (1976) and Dempster (1955). This was because of the 

fact that the foot orientations utilized were quite dif-

ferent, thus accounting for the larger differences in the 

percentages shown. Foot measurements collected in this 

study were taken vertically from the midpoint of the 

lateral malleolus to the sole of the foot; both Johnson 
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and Dempster made the measur~ments of the foot from the 

calcaneous to the great toe. Vertical foot measurements 

facilitated the gathering of data from photographs. 

Although not noticeable, the percentages obtained for 

the hand were also not comparable because of measurement 

technique differences. In most other studies, the length 

of the hand was measured from the wrist joint to the meta

carpophalangeal joint. In this study, the length of the 

hand was measured from the wrist joint to the tip of the 

middle finger. The geometric shape (modified trapezoidal 

wedge) selected as the model for the hand necessitated 

digitizing the entire length of the hand. 

As shown in Table 11, the location of the segmental 

centers of gravity of the Down's Syndrome subjects were 

close by comparison to those obtained from the normal 

subjects with the exception of the head and trunk. The 

Down's Syndrome group displayed a lower center of gravity 

in the head and trunk segment (57.2%) than was found with 

the normal subjects (55.8%). At the 6- to 10-year-old 

level, the normal children showed greater variability in 

all segments except the head and trunk when compared to 

that found among the Down's Syndrome children. 
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Table II 

Segmental Center of Gravity Locations in 
6- to 10-Year-Old Subjects by the 

Photogrammetric Technique 

Down's Syndrome a 

M SD M 

Head & Trunk 57.2 3.0 55.8 

Thigh 40.3 0.5 40.3 

Shank 46.1 0.6 46.9 

Foot 66.7 0.0 66.7 

Upper Arm 43.4 0.8 43.9 

Forearm 40.6 0.7 40.9 . 

a Normal 
SD 

1 . 9 

0.4 

1 . 0 

0.0 

1.5 

1 . 1 

Hand 35.1 0.2 34.9 . 0. 3 

a In percentage 6f segment length, measured from the 
proximal joint except thigh, measured from crotch. 

A slight discrepancy between the locations of segmental 

centers of gravity in the Down's Synd~ome and normal sub-

jects is evident from the information presented in Table 12. 

The variation within each group is similar with the excep-

tion of the head and trunk segment. The Down's Syndrome 

11- to 18-year-olds showed a lower center of gravity in the 

head and trunk segment (58.8%) than did the normal subjects 

(55. 7%) • 
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Table 12 

Segmental Center of Gravity Locations in 
11- to 18-Year-Old Subjects by the 

Photogrammetric Technique 

Down's ·Syndrome a Normal a 
Segment 

M SD M SD 

Head & Trunk 58.8 2.7 55.7 1. 6 

Thigh 39.6 0. 7 ' 40.4 0.7 

Shank 46.5 0.7 45.8 0.4 

Foot 66.7 0.0 66.7 0.0 

Upper Arm 43.1 0.8 40.4 0.4 

Forearm 40.3 0.7 40.4 0.4 

Hand 35.1 0.2 34.8 0.3 

a In percentage o.f s.e gmen t .length, measured from the 
proximal joint except thigh, measured from crotch. 

Table 13 presents the location of segmental centers of 

gravity for the adult females, while Table 14 displays 

comparative data for the adult males. Table 13 al~o in-

eludes available normative data for adult females (Johnson, 

1976); Table 14 includes normative data for adult males 

(Dempster, 1955; Johnson, 1976). 

For the most part, the locations of the segmental 

centers of gravity, obtained by the photogrammetric 
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Segmental Center of Gravity Locations in Adult Females 
by the Photogrammetric Technique 

a Down's Syndrome Normal a . b 
Normal 

Segment Me so 
. c 
M 80 Me so 

Head & Trunk 61.0 2.5 56.6 I. 9 60.7 I . 0 

Thigh 40.3 2.7 40.0 0.9 44.5 I. 3 

Shank 45.2 3.7 43.4 4.2 45.8 1.3 

Foot 66.7 0.0 66.7 0.0 46.8 2.3 

Upper Arm 42.9 0.6 41.9 I . 2 47.6 . 2.3 

Forearm 39.9 0.7 40.2 0.7 48.4 2.8 

Hand 35.0 0.5 35.3 0.5 49.3 0.7 

a Data collected in this study. 

b Data reported by Johnson (1976). 

c 
In percentage of segment length, measured from the proximal joint except 

thigh, measured from crotch. 

01 
co 



Table 14 

Segmental Center of Gravity Locations in Adult Males 
by the Photogrammetric Technique 

aData collected in this study. 

b Data reported by Johnson (1976). 

c Data reported by Dempster (1955). 

din percentage of ~egment length, measured from the proximal _joint except 
thigh, measured from crotch. 
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technique, represented a greater percentage of length from 

the proximal joint than those found .by Johnson (1976). 

Generally, the Down's Syndro~e adult females were fou~d to 

have lower segmental centers of gravity than the normal 

subjects. The head and trunk segment data obtained on the 

Down's Syndrome subjects (61.0%) were more similar to 

Johnson's data (60.7%) than to . the data for the normal 

subjects (56.6%) in this investigation. This was also true 

for the shank segment. The Down's Syndrome adult females 

exhibited more general variability than the normal adult 

females. 

A great discrepancy in head and trunk center of 

gravity location was found between Down's Syndrome (61.2%) 

and normal adult. males (56.3%); however, the mean percent-

age (61.2%) found for the Down's Syndrome group was quite 

comparable to Johnson's (1976) data (60.5%) and Dempster's 

(1955) data (60.4%). The location of the center of gravity 

of the thigh was higher in the Down's ~syndrome (39.8%) than 

in the normal subjects (40.5%); both were higher than those 

percentages (44.1% and 43.3%) reported in · the literature.· 

The shank, foot, upper arm, and forearm segmental center of 

gravity locations were found to be similar between the 

Down's ·Syndrome and normal adult males. With the exception 

tru nk segmen~s, the locations of 
of the shank, and head and 

were found to be closer to the 
segmental centers of gravity 
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proximal joint than reported by Johnson or Dempster. 

As age increased, so did the difference in segmental 

centers of gravity between the Down's Syndrome and normal 

subjects. The children showed more similarity in the 

locations of segmental center of gravity than did the 

adults. On the average, Down's Syndrome and normal chil

dren were more similar than different. The Down's Syn

drome adults differed more markedly from the normal 

adults. 



CHAPTER V 

SUMMARY, CONCLUSION, AND RECOMMENDATIONS 

It is apparent from the literature that ''knowledge of 

a person's body segment parameters (e.g., mass, volume, 

center of mass, moment or inertia)'' (Contini, Drillis, & · 

Bluestein, 1963, p. 493) underlie the analysis of motor 

activity. A thorough understanding of biomechanical 

principles (Contini, Drillis, & Bluestein, 1963) and care

ful determination of physical characteristics such as seg

mental masses, centers of mass (center of gravity), and 

moments of inertia (Gagnon & Rodrique, 1979) are essential 

for the proper analysis of human motion. This knowledge 

contributes to the improvement of motor efficiency 

(Contini, Drillis, & Bluestein, 1963; Gagnon & Rodrique, 

1979; Hay, 1973; Jensen, 1978; Miller & Morrison, 1975; 

Morse & Kjeldsen, 1977; Widule, 1976). 

Various techniques have been established and utilized 

in the determination of total body and body segment 

parameters; these were discussed in Chapter II, Review of 

the Literature. Much variability exists among the results 

of studies reported in the literature. Although the re

sults reported in the literature are commonly applied to a 

62 
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variety of populations, this is an erroneous practice. 

Researchers agree that it is desirable ·to utilize the most 

accurate and appropriate center of gravity data possible. 

A technique for determining center of gravity locations 

with relative ease and a high degree of accuracy would be 

extremely valuable to the researcher. 

The techniques which are presently available allow for 

the determination of the location of an individual's center 

of gravity, ·but are not without limitations. Contini, 

Drillis, and Bluestein (1963) discussed the difficulties 

encountered in the various techniques for determining body 

segment parameters. It was concluded that although evalu

ation of the center of gravity location of the living human 

organism presen~s limitations, a measurement method should 

be selected which does not extend beyond already existing 

discrepancies. Hay (1973) suggested factors to be consid

ered in the selection of methodology for determining center 

of gravity locations. Researchers agree that it behooves 

one to select and utilize the most accurate and appropriate 

method possible. 

"The current emphasis upon kinetic analysis of human 

motion ... has encouraged the use of computer models" 

(Miller & Morrison, 1975, p. 207). Mathematical models are 

virtually synonymous with computer models. This modeling 

technique'' . represents one of the methods currently _ 
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utilized to study specific problems in human mechanics" 

(Miller, 1979, p. 115). As stated by Jensen (1978), "the 

mathematical model of the human body represents a powerful 

tool for biomechanics research" (p. 335). Miller (1979) 

reported that modeling " ... promotes a careful synthesis 

of existing information" (p. 120). 

Photographs present one means whereby pertinent data 

can be obtained for use with the modeling technique. The 

photogrammetric technique has been utilized with human 

subjects (Gagnon & Rodrique, 1979; Hertzberg, Dupertius, & 

Emanual, 1957; Jensen, 1978; Pierson, 1959; Pierson, 1961; 

Weinbach, 1938). According to Gagnon and Rodrique (1979), 

"the method . has not been applied to the determination of 

the physical properties of the · segments, and its validity 

has not been investigated" (p. 189). Based upon the re

sults of their research, Gagnon and Rodrique highly recom

mended the photogrammetric technique. Jensen (1978) con

sidered the photogrammetric technique no more tedious to 

the researcher and less inconvenient to the subject than 

other methods. 

As a contribution to the research in biomechanics and 

adapted physical education, this study was undertaken to 

validate a photogrammetric technique for determining total 

body and segmental centers of gravity. A secondary purpose 

of the study was to utilize this technique with selected 



65 

Down's Syndrome and norm~l individuals. Forty Down's Syn

drome individuals, placed equally by number in each of four 

groups: (a) 6- to · 10--year-olds, (b) 11- to 18-year-olds, 

(c) adult males (19 years and older), and ·(d) adult females 

(19 years and older); and 50 normal individuals, placed in . 

t he f o ll ow in g t h r e e groups : ( a ) 1 0 6- to ·1 0-year-o l d s , ( b ) 

10 11- t~ 18-year-olds, and (c) 30 adults, males (15) and 

females (15), were the subjects in this investigation. 

The validation of the photogrammetric technique was 

the major purpose of this investigation. Eighty subjects, 

40 Down's Syndrome and 40 normal individuals, were utilized 

in the validation of the photogrammetric technique for de

termination of the total body center of gravity. Thirty 

subjects, 15 no~mal adult males and 15 normal adult females, 

were involved in the validation of the photogrammetric · 

technique for determining the. segmental centers of gravity. 

Summary of the Findi~ 

This study involved the investigation of specific re

search questions. As a means of synthesis, the findings 

relative to each research question are presented here. 

Questions 3-10 present findings determined by the photo

grammetric technique. The following coincide numerically 

with the questions as identified in Chapter I: 

1. The average percentage of error between the center 
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of gravity board method ·and the photogrammetric 

technique for determining total body center of 

gravity location was found t6 be 1.7%. Applica

tion of the Pearson Product Moment Correlation 

technique to the data produced a high correlation 

(r = .97). The average percentage of error for 

each group within the stu~y was less than an abso-

lute value of 5%. When the 6- to 10-year-old 

Down's Syndrome and normal subjects were omitted, 

the mean percentage of error was less than 1.5% 

(absolute value). 

2. The absolute average pe~centage of error between 

the immersion and photogrammetric techniques for 

determining segmental center of gravity locations 

was less than 9% for each segment analyzed and 

ranged from -8.9% to 1.1%. 

3. As determined by the photogrammetric technique, 

the -· Down's Syndrome 6- to 10 ... year-old subjects 

were found to have a slightly higher total body · 

center of gravity (44~0%) than the normal 6- to 

10-year-old subjects (44.7%). In comparison, 

the normal subjects showed more variability than 

the Down's syndrome subjects. The average per

centages for the Down's Syndrome and normal sub

jects were located a~ the lower end of the range 
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of percentage (41%- 45%) found by Palmer (1944). 

4. On the average, the Down's Syndrome 11- to 18-

year-old subjects were found to have a lower total 

body center of gravity location {44.7%) when com

pared with the center of gravity location (42.8%) 

of the normal subjects. In comparison,. more vari

ability was found with the Down's Syndrome sub

jects than with the normal subjects. The average 

center of gravity location for both groups was 

within the range (41% ~ 45%) reported by Palmer 

(1944); the average for the Down's .syndrome sub

jects fell at the lower end (44.7%), and the 

average for the normal subjects at the upper end 

(42.8%~. 

5. The difference between the location of the total 

body center of gravity for Down's Syndrome adult 

males and normal adult males was quite notice

able (Down's Syndrome, 45.7%; normal, 43.4%). 

This higher percentage represents a lower center 

of gravity found in the Down's Syndrome subjects. 

More variability was found among the Down's Syn

drome subjects than among the normal subjects. 

In comparison with Johnson's (1976) total body 

center of gravity data on adult males (44.0%), 

the percentage for normal individuals (43.4%) 
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obtained in this study was found to be less, 

indicative of a higher center of gravity. The 

mean percentage of the Down's Syndrome subjects 

(45.7%) was found to be greater than Johnson's 

data (4~.0%), indicating a lower center of 

gravity. 

6. The Down's ·Syndrome adult females were found to 

have a lower total body center of gravity than 

the normal adult females (Down's Syndrome, 46.2%; 

normal, 44.1%). More variability was noted with 

the Down's Syndrome subjects when compared with 

the normal subjects. The average percentage for 

the Down's Syndrome adult females (46.2%) was 

found to be greater than the average percentage 

of 45.5% reported by Johnson (1976). The average 

percentage (44.1%) for the normal adult females 

was lower than that percentage (45.5%) reported 

by Johnson. 

7. The difference in the locations of segmental cen

ters of gravity between the normal and Down's 

Syndrome 6- to 10-year-olds were minimal with the 

exception of the head and trunk segment. The 

Down's .syndrome subjects exhibited a lower center 

of gravity in the head and trunk segment (57.2%) 

when compared with that of the normal 6- to 
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10-year-old subjects (55.8%). The Down's Syndrome 

subjects showed more variability relative to the 

head and trunk segment than the normal subjects. 

8. The 11- to 18-year-old Down's Syndrome subjects' 

segmental center of gravity locations were found 

to differ only slightly from the normal 11- to 18-

year-old subjects; the lone exception was the head 

and trunk segment. The Down's Syndrome subjects 

had a lower center of gravity location when com-

pared with the normal subjects. More variability 

was found among the Down's Syndrome subjects. 

Only slight differences were noted between the seg-

mental centers of gravity of the 6- to 10-year-olds 

and the 11- to 18-year-old Down's Syndrome sub-

jects, with the exception of the head and trunk 

segment. A larger percentage (lower center of 

gravity) was obtained from the 11- to 18-year-old 

Down's Syndrome subjects (11 _- 18 Down's Syndrome, 

58 8% . 6- 10 Down's Syndrome, 57.2%). • v' 

9. Differences in segmental centers of gravity were 

noted among the Down's Syndrome adult females, the 

normal adult females, and the data on adult females 

reported by Johnson (1976). The Down's Syndrome 

adult females were found to have a lower center of 

gravity in the head and trunk segment (61.0%) as 
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compared with both the normal females (56.6%) and 

Johnson's data (60.7%). The Down's Syndrome and 

normal subjects were found to have similar centers 

of gravity in the thigh, foot, upper arm, forearm, 

and hand segments. The center of gravity for the 

shank segment of Down's Syndrome females (45.2%) 

was found to be lower than was found for the normal 

subjects (43.4%), but similar to that found by 

Johnson (45.8%). More variability was noted in 

the Down's Syndrome subjects. 

10. With the exception of the head and trunk segment, 

only slight differences in segmental centers of 

gravity between the Down's Syndrome and normal 

adult males were found. The center of gravity for 

the head and trunk segment of Down's Syndrome 

males was lower (61.2%) than that found with nor

mal adult males (56.3%). The segmental centers of 

gravity data on adult males 9btained in this study 

differ from the data reported by Dempster (1955) 

and Johnson (1976). Little difference in varia

bility existed between the normal and Down's Syn

drome adult males. Slight differences were noted 

between the Down's Syndrome females and the Down's 

syndrome males as well as between the normal male~ 
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and normal females relative t~ the location of the 

segmental centers of gravity. 

Discussion 

The correlation obtained by comparison of the center 

of gravity board and photogrammetric techniques was .97. 

This high correlation indicates that the photogrammetric 

technique is valid and accurate for determining total body 

center of gravity. 

In the validation of the photogrammetric technique, 

several correlation coefficients and percentage of error 

were calculated. For all the segments compared, the corre

lation coefficients fell in the middle range (.47- .72). 

The percentage of error was less than 9%, ranging from -8.9% 

to 1.1%. The level of acceptable error was previously set 

at 5% or less. The percentage of error for three segments 

(foot, forearm, upper arm) did fall below the criterion of 

5% error. Large variability was noted in the percentage of 

error for all segments. This large variability may have 

been due to human differences, inaccuracy and inconsis

tency of the immersion technique and/or examiner's lack of 

accuracy. The validity of the photogrammetric technique 

for determining segmental centers of gravity was not fully 

established as it did not meet the criterion of less than 

5% error when compared with the immersion technique. 
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Analysis of the data collected from the Down's Syndrome 

subjects (6- to 18-year-olds) indicated that the average 

center of gravity location for the total body was within 

the range reported by Palmer (1944). This was also found to 

be true for the normal children in the study. The 6- to 10-

year-old Down's Syndrome subjects were found to have a 

slightly higher center of gravity location than the 6- to 

10-year-old normal subjects, while the 11- to 18-year-old 

Down's Syndrome subjects had a lower center of gravity when 

compared to normal subjects in the same age group. 

The adult Down's Syndrome male and female subjects were 

found to have a lower total body center of gravity when com

pared with the normal subjects investigated in this study. 

The location of the center of gravity for the adult Down's 

Syndrome subjects was also found to be lower than that re

ported in the literature. 

Relative to the segmental centers of gravity, the 

photogrammetric data indicated that c~nter of gravity loca

tions for the head and trunk segment of Down's Syndrome 

subjects were consistently lower than those found in the 

normal subjects. The adult Down's Syndrome s~bjects were 

also found to have a lower center of gravity in the head 

and trunk segment than that reported in the literature. It 

is postulated that the lower center of gravity in the head 

and trunk segment contributes to the overall lower total 
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body center of gravity found with the Down's Syndrome sub

jects when compared to the normal subjects. 

The segmental center of gravity data showed only 

slight differences between the Down's Syndrome subjects and 

the normal subjects. Due to the middle range correlations 

obtained on the validation of the photogrammetric technique 

for determining segmental centers of gravity, further com

parative analysis would be subject to question. 

Conclusion 

Based upon the findings, it can be concluded that the 

photogrammetric technique for determining total body center 

of gravity is valid. It also has valid application for use 

in determining differences and similarities between Down's . 

Syndrome and normal individuals. The photogrammetric 

technique for determining segmental centers of gravity can 

not yet be accepted as valid. 

Recommendations. 

Since this study represents an initial investigation 

of a novel photogrammetric technique, continued investiga

tion could yield several refinements. The following are 

recommendations for further study. 

1. Efforts should be made to replicate this study 

with specific ~onsideration given to the following: 

a. the use of a two-camera set up in photographing 
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subjects. 

b. investigation of the validity of the thigh, 

and head and trunk _segments. 

c. modification of the model of the hand; chang

ing it to a triangular wedge from a modified 

trapezoidal wedge. 

d. investigation of the validity of the position 

(z - coordinate) of the center of gravity in 

the sagittal plane as generated by the com

puter program SEGCOG (Hall, 1980). 

2~ The findings relative to the center of gravity 

locations of the Down's Syndrome subjects should 

be considered in the analysis of the movement of 

Down's -Syndrome individuals. 

3. Further studies should be conducted which include 

investigation of the center of gravity locations 

of Down's Syndrome individuals relative to etiology 

and type of sensory impairment. 

4. The photogrammetric technique should be utilized in 

future biomechanical analysis of the movement of 

Down's Syndrome and normal individuals. 
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TJ.;XAS WoMA!'\'S USIVEKSITY 
· Bvx22-w7, TWt: SrArro:-. 

Dt:~TOs. Tu.~' 7620-l 

Name of Investiqator: -~--~e~n~P~,~~~P~·~~~--------------C.enter: .pc~g~t~pn~----------

Address: ~Ml~~so~s~s~~~e~t~----------------- Date: 1980 

pyllmeq WaahtnstOP 99163 

Dear Earen P nep"li 

Your study entitled Center of Grayity Lqs;atioM for Se'lected Dgwn'• 

Spdrme Tndfyidnah 

has been reviewed by a committee of the Human Research Review Commdttee 

and it appears to meet our requirements in reqard to protection of the 

individual's riqhts. 

Please be reminded that both the University and the Department 

of Health, Education, and Welfare requlations require that written 

consents must be obtained from all human subjects in your studies. 

These forms ·must be .filed with the Human Subject• Review CCXIIIlittee, 

Furthermore, should your project chartqe, another review by the 

Committee is required, accordinq to OHEW requlations. 

Please add the followinq statement to your Informed Consent Form: 

•No medical service or compensation is provided to subjects by the 

Universfty as a result of injury from participation in research.* 

Sincerely, 

~~ 
Chairman, Human ·Research 

Review Committee 

at Deuton 
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·· ~--~ . . . 

,. . -r4: 0/.. ~ .;.{I 
-....:~. ~71900 

~~.r~ :f::J ~ .JJ 3P~KANE PuBLIC . scHooLs · ·.· · • ·-

~ 
March 27, 1980 

M£MORANOUM: 

TO: James Hordemann, Director of Special Programs 

FR011: Gordon Erickson, Coordinator ~ 
Testing, Research and Evaluation /'~ 

RE: Down's Syndrome Proposal 

LJturic N 

This proposal was discussed with Dr. O'Hare. He saw no problems as long as 
parental permission was obtained~ 

Carol Kerkering was consulted and she talked with Sill Fyfe, Acting Principal 
of Bryant School. Upon checking, he estimated there are about 42 children in 
District 81 suffering from Down's Syndrome. He stated that although Bob Baggs 
will probably be back by the time the study is conducted, he was sure it would 
be all right provided she has her own equipment. · 

The Research Council considered the proposal and found nothing wrong with the 
research design. If the results are shared, Down's Syndrome children could 
benefit both now and in the future. Obtaining contro 1 subjects 'rtould be a 
matter of my contacting principals who would cooperate in obtaining them. This 
would be a very small number of students--only 20 altogether. 

The Research Council recommends approval of the study. If granted, I will 
contact Hs. DePauw and work out the details. 

lj 
enc. 
cc: Grace Cunningham 

larry O'Hare 
Carol Kerkering 
Research Council ~1embers ~i 

~4 _,/(;~ 

Centr•l M111ing Address· £. 4714 8th Avt., SpoktJM, Wellllngton 99206 Phone: (50~) 455·5242 
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P'OLUWI PUBLIC SCHOOLS - IJSHINO'TCW STATE UNlV!BSITY 

BIQOJST FOR S OF PULIJWf PUBUO SCHOOLS 

(prepare 1n tour copiee) 

To: Co-ordinator, Washington Sta'te Un1 versi ty and Pullman Schools 

Kar.en P. DePauw 
l)ep E Of P! tot 'WOiiiEii 

~13-d a (office) 
335-3791 

( 'feiePhcae) 

1. It 1a requested that permiea1CI'l be granted to · use the raoilitiea or the 
Pull.lml Public Scboole for the fol.l.c:w1nl PUJ"PPtl~'· 'Pleasct indicate tlle nature 
ot tbe ~at 1n detail ind:i6at1ng tbe·~r 'ot students,· teaohere, or claeeee 
to be involved; the n\ld)er or pereOM tree the uni vera1 ty persClllMl that will be 
invol-.ed; whether the activity 1e to be used tor IUl experimltntal purpose euch u 
a Wu~r•e or Doot.ol''e Thede or wbetber it will be uaed tor regular UlliTereit-7 
olua iutruoti~l purpoMI. ) 

The puroose of this investiy.ation is to deteroine the center of ~ravi tv locati en!': of . . 
Down's Svndrorne individuals. Primarilv one f.;cult•' member will be inv~lved. The 
data collected will he used in a doctoral di~sertat5.on. Six Dmm's Sync!ro:nr. 
individuals whl" ~re involved in the swimming nrogrc31'1 at 'II'St; and ?0 nomal incHvictMJc; 
will.be"'utilfzed··in-thls stud" if pennission is ~ranted. The 20 ncrr·al suhiectr: 
should t:e cUvided in ten 6 tc 10 vear old~ ;:md ten H- 1 B year ohis. 

2. In41oat.e the Time ScMdule that rill be needed to CU'%'1 oat. the p:ropoee4 
viai\&UCID C# \MMt ot the taoilltiu Nq\ll&ted. 

Aoproxifllatflllv ten ninute5 maxJmUII\ will Le nccdrd to teAt each sut'> _lec:t. This could 
~ done quite e&aily before or after the swi~~inR period on rridavR at hSU. All 
necessary equipment will te supplied bv the university. Special arrange~~nts 
can be made to test the normal individual~. 

'· Submit. a complete set ot mteriale to be uaed (tor ex.a.mpla: let.tena t.o puente, 
t.eew, queet.ioa:D&iree, data theet., eto. ). · 

The following infonnaticn will be Pathered: 
heip,ht and weirht of sub~ect • 
three scale readings taken from center of ~rav1ty board 
~hotograohs (in hathin~ suits)-one front and one side view 
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4. List. those studenta or faculty peroonnel or tM University that will be 
1D abarge or the proJect or assisting in the proJect 1i" other than the inatruator 
a.k1.Dc t.be request. 

~. List. any other maierials that rill need to be furnished by the Pull.Jnan 
S®ools. 

Birthdatc of e~ch subiec~ 
Type of oown•s Syndrome (if knoWn): Tri~omv. Tranr.location. Ot' ~!o:;afc 

Return this ton:a to J, Merrell Hansen, Cleveland Hall 162, for processing. When 
approval has ~en granted, the original copy will be forwarded to t.he i.Mtructor 
m.t1ne t.bo requeet. Upon approval, all a.rra.ngementa will then be me.de b,- the in
e't.ruotor with the building priDcipal. 

Requeet approved: • ~ Do.te: f.-;:,.- if 0 
(8~~ SChOOls) 

Dinribution: 
Superintendent or Schools 
Principal 
Instructor 
Colleie ot Education 

Jl.li6614 

_...~,_/~f) ~ ..... · /~~~~-Date: Y-2--/(! 
(~ 

~'~I •' f/
1
: .. 1··!. t~ ..,..,~~~-~-o..w.~-~~-~--~- Date: 't/ ... / ·· h (Bing t'rtnc!pe ) 

Date: 
_(,..B\ilr-r.-ldfilin--~P:-rliir--c-r1P41~..,.)--
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January 15, 1980 

Dear Parent or Guardian: 

The Anaheim City School District, through the office of William A. Thompson, 
Deputy Superintendent, has granted permission for the collection of data to 
be used for a study of Physical Education entitled "Center of Gravity Locations 
of Selected Down's Syndrome Individua 1." · 

The method fpr collecting the data shall include the following: 

1. The child will assume a back-lying, front-facing, and side
facing standing position on a center of gravity board and a 
scale reading will be taken in each position. · 

2. The child will be photographed, in a standing position on the 
floor, from the front and side views for the purpose of identi
fying structural landmarks of the body. 

The entire process should take only 5-6 minutes for each subject. The photographs 
will, only be used to measure distances from the center of gravity to the end of 
the limb segments. The photographs will in ~way be used in the study other than 
as a means for acquiring the specific measures needed. 

The data collected in this investigation will be used for educational purposes 
only and is subject to policies and procedures of the Texas Woman's University 
Uuman Research Review Committ~e. For your reassurance, all necessary safeguards 
and safety procedures shall be followed. 

Please sign and return the following information with your child tomorrow. If 
you have any questions, please call (213} 330-3027 or (213) 330-5577. Thank you 
for your consideration. 

g;;;~ 
Karen P. DePauw ~ 

----------------------
(tear off and return) 

Child's Name: ______________ _ Phone: _______ _ 

Please check one: 

I grant permission for my child to be ~ncluded in this investigation 
of the locations of the center of grav1ty. 

do not grant permission. 

Date ____________________ ____ 

Signatur~arent or Guardian 



APPENDIX C 

DATA COLLECTION FORM 



FORTAl\U Coding Form 



FORTRAN Coding Form 
,--- - - . - -- -
~ t iH ' ·, ·,.\V 

-- ----- - - ------ -
I'IO:'r,· l: •'P.IlR 

L. _ · -



86 

Definitions of Segmental Dimensions 

Front View: (Dimensions in the~ direction) 

head width: taken at the height of the occipital ridge 

shoulder width: distance between glenohumeral joints 

chest width: taken at nipple height 

waist width: taken at navel height 

buttocks width: taken at crotch height 

upper thigh width: taken at the point of maximum thigh 

width 

knee width: taken at the distal border of the patella 

maximum shank width: taken at maximum width 
' 

ankle width: taken at the point of minimum shank width 

upper arm :width: taken at the point of maximum upper 

arm width 

elbow width: taken through the approximate midpoint 

of the crease in the skin over the joint 

wrist width: taken immediately-proximal to the pisi-

form bone 

maximum hand width: taken at ·maximum width 

Front View: (Dimensions in the ~direction} 

head height: taken from the superior border of the 

sternoclavicular joint to the top of the head 

upper chest height: taken from nipple height to the 

sternoclavicular joint 
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lower chest height: taken from navel height to nipple 

height 

hip height: taken from crotch height to navel height 

thigh length: taken from the inferior border of the 

patella to crotch height 

upper shank length: taken from the point of maximum 

shank width to the inferior border of the patella 

lower shank length: taken from the height of the mid

point of the medial malleolus to the point of 

maximum shank width 

upper arm length: taken from the glenohumeral joint 

center to the midpoint of the skin crease over 

the elbow joint 

forearm length: taken from the mid-point of the skin 

crease over the elbow joint to the mid-point of 

the line denoting wrist width 

hand length: taken as the shortest distance from the 

line denoting wrist width to the e~d of the long 

finger 

Side View: (Dimensions in the z direction) 

head width: taken at the height of the occipital ridge 

shoulder width: taken at the height of the superior 

border of the clavicle 

chest width: taken at nipple height 

waist width: taken at navel height 
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buttocks width: taken at the point of maximum but

tocks width 

upper thigh width: taken at the point of maximum thigh 

width 

knee width: taken at the inferior border of the 

patella 

maximum shank width: taken at maximum width 

ankle width: taken at the point of minimum shank width 

foot length: taken from the maximum protruberance of 

the calcaneous to the end of the longest toe 

upper arm width: taken at the point of maximum upper 

arm width 

elbow width: taken at the point that the skin crease 

over · the joint is visible 

wrist width: taken at the distal end of the radius 

maximum hand width: taken at maximum width 

Side View: (Dimensions in the~ direction) 

foot height: vertical height of the mid-point of the 

lateral malleolus 
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Geometric Shapes for the Mathematical Model 
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Mathematical Formulae for Volumes and 
Mass Centroids 

(Key: V = Volume; A = Area = a; R = Radius = r; l = 
Length; w = Width; p = Proximal; d = Distal) 

Head-Neck (right-angled parallelpiped): 

Volume: 

Mass Centroid Radius: R - l / 2 h - hxy 

Trunk (3 adjacent frustra of pyramids): 

Volume (one frustrum): 

V = 1 / 3 [A + A + (ApxzAdxz) Y.] st xy pxz dxz 

Mass Centroid Radius (one frustrum): 
(from the larger base) 

Head-Trunk: 

Mass Centroid Radius: 

4 

v ;~ sht s =1 ht 
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Upper Arm, Forearm, Thigh (truncated circular cones): 

Volume: V = 1f+ lc 3(r 2 + r + 2) c xy p prd rd 

where r = (w + w )/4 p pxy pzy 

and rd = (wdxy + wdzy)/4 

Mass Centroid Radius: 
(from the larger base) 

} The larger radius is 
designated as "R", the 
smaller as "r". 

Shank (2 adjacent frustra of circular cones): 

Volume = sum of the component volumes, calculated as 

above (V ) 
c 

Mass Centroid Radius: 

Hand, Foot (right triangular sections of right-angled 
parallelpipeds): 

(general formula) 

Mass Centroid Radius: Yh = lxy j 3 

yf = lxy + 2/3 

Total Body Mass Centroid Radius: 
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WASHINGTON STATE UNIVERSITY 
PULLMAN. WASHINGTON 99l6& 

DEPA&nn:STS OF PHYSICAL FJ>UCATION FOR liEN AND WOJJEN 
h.-all Gf Ed..ea&ioo for &be Hand•~P~ ~joct 
Of. O..W L.Eftpbfttloe aad Dr. Wii&M W. llai'I'UifiOII-Direclon 

l'"llr Parent or Guardian: 

-· .:.•.~ . ..: ! ..o.'llic ~Cilod.:; hac r.rantP.d pomi.ssion for tt.c cc:llecti(,r: of .::.ta tr.. 
t c \1S"!d for a :;tud" of Physical rducatJon cnti tled" A Cor:.oarat i V'! St\ld•• of t~.e 
l.ocdtic.ns of 1'otal !lady anJ Serr:~ental Centers of r-ravtt•.r in ~lectt:cl !:own'~ 
:::;r.lo!r.:.: ·'" .,net Nonr.al Individuals':. · 

Th .. r.et~od for collecting the data ~hall include the followinp: 
l. ';'hf: child ,.i 11 assur..c a .l.Jack-lvinr, front- f<~ci r.,,. lind f j·l.c· fac! r;• 

sto~~ndir!r rod tion on a center. of s:.ravi ty boart! and a sr:alc re.1~i r.r 
wil! be ta~en in each position. 

2. The child will be photograohed in a standing position en t~e fl~r 
fron the front ~tnd dde views for the pul"Do~e of iclcnti f,inr 
~tructural landmarks of th~ b~~· 

i"'.f anti~ t>rOCP.SS r.houl d t .lke onlv 10 mf l'lUtea for I! <tela sut \ect. The 
..,h~tor:ral"l',s will only be used to mel'ISUN distances :··ror' the center of ,:ravi t·· 
tr- the end of the lirr.b seS%ents. The nhotn,:-ranhs will ir. ~ W·lY I.e use-~ in tl:l.l 
sturtv ct:~er than as a l!'•eans for aet~uirinr the spec! fi c r..easure:. nP.crled. 

7'hr. ~.1ta collectec! in this investirlltlon will be used for educational r.ur:-cr.·~5 
oolv r.ond it; s\lhject to policiP.~ anti procedurec; of thP. ~·ex:1~ llor.An's t:nivcrdtv 
Uu11an J:~cec\rch r.cw{ew Ccrnr:~ittee. ror vnur re<1r.~uranr.c, all ner.e!'lsat'V saft'r:ouarch 
61\d •c1fetv J')'l"'cedures shnll be followed. 

rl<!.\.>Je !:\{r.r. ilnd rt!turn tl1e fallC'lWSnp inforr.:.'lti'ln 'lotith ''(,ur· C'ldld tt:'r.OrrOIO. ·1'h~ 
C.at,o, vlll ~ collected rri"•1Vt AprU JB, l\'B~. 'l'bcmk ~:01.1 fc.r vcur ccnsidcr.lticr .. 

~~qJ:~~~~ 
l<Jil"'tn P. !1ePl\UW, Consultant 
DLH Pro1ect, washinrton State University 

-·-·--------·-------------·---------------------··-·--·-----·----·----------· (tear off and return) 

Child's NI1NI: __ . --------·-----~--...: __ Phone: __ . ___ _ 

Plcue check cner 

1 ,.r,.nt fldt11'1U1Cin for rnv chJ ld to he fncludt>d in thid lnver.tlro1thr. 
of the 1 ocAt i om1 n( tht c•l'lt flr of vr:avl tv • 

·-. ___ .. I do not P,rclllt pendaslon. 
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iATA .. FilE I 5 
U8JECT IOENT.• . . 

izq.~4 CM. TRUE HEIGHT•51.00 IN. 
W.LS.E~ftil _____ LJtj-'.L-LlN I z IN CM 
MEACXTRUNK 47.25 59.t4 l. 21 
t"H.IGH -· CJ;.t4 40.48 

SHANK 10.94 45.71 

·Foor· ' 3~15 66.61 

JPPER AR~ 8.15 43.15 
F'OAllltM . ·1.96 4l.U" 

HANO 4.90 41.64 

ror·• BODY . ~8~45 45.12 1.34 .._......, ... __ ... ______ .......__..,..........,_ 
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Age, Height, Weight, and Sex of 
Subjects by Group 

Subjects Sex Age Height 
.( yrs-mos) (inches & ·em) 

Down's Syndrome 
6- to 10-year-olds 

1 M 10-9 51.00 (129.54) 
2 M 10-10 51.00 (129.54) 
3 F 7-7 43.50 (110.49) 
4 F 10-2 43.50 (110.49) 
5 M 9-10 49.50 (125.73) 
6 M 9-6 46.00 (116.84) 
7 F 8-10 44.00 (111.76) 
8 M 10-11 52.25 (132.72) 
9 F 9-10 53.75 (136.53) 

10 F 7-10 45.25 (114.94) 

Down's Syndrome 
11- to 18-year-olds 

1 F 15-6 57 .. 25 (145.42) 

2 M 18-5 60.50 (153.67) 
3 M 18-4 67.75 (172.11) 

4 F 13-1 57.00 ( 144.78) 

5 F 14-8 56.25 (142.88) 

6 M 11-6 52.25 (132.72) 

7 M 14-9 61.00 ( 154. 94) 

8 F 17-2 61.50 (156.21) 

9 M 17-8 60.50 (153.-67) 

10 F 12-2 54.00 (137.16) 

Down's Syndrome 
Adult Females 

1 F 19-11 62.25 ( 158. 12 ) 

2 F 20-6 57.00 (144.78) 

3 F 19-6 59.25 (150.50) 

4 F 20-3 57.50 (146.05) 

5 F 20-11 58.00 (147.32) 

6 F 20-0 58.00 (147.32) 

7 F 22-1 60.00 (152.40) 

8 F 29-5 59.00 (149.86) 

Weight 
(lbs. & kg) 

86.50 (39.24) 
59.00 (26.76) 
42.00 (19.05) 
56.00 (25.40) 
62.25 (28.24) 
54.50 (24.72) 
71.50 (32.43) 

110.25 (50.00) 
122.50 (55. 57) 

51.50 (23.36) 

113.50 (51 . 48) 
116.50 (52.84) 
171.50 (77.79) 
112.00 (50.80) 
125.75 (58.40) 
85.00 (38.56) 

112.50 (51.03) 
174.75 (79.27) 
129.20 (58.61) 
123.50 (56.02) . 

151.00 (68.49) 
108.75 (49.33) 
158.50 (71.89). 
216.00 (97.98) 
138.00 (62.60) 
130.00 (58.97) 
131.00 (59.42) 
145.00 (65.77) 



98 

Subjects Sex Age Height Weight 
(yrs-mos) (inches & em) (lbs. & kg) 

9 F . 39-6 60.00 (I 52.40) 166.00 (75.29) 
10 F 36-7 56.75 (144.15) 145.00 (65.77) 

Down's Syndrome 
Adult Males 

1 M 19-0 59.00 (149.86) 190.50 (86.41) 
2 M 19-10 63.25 (160.66) 169.00 (76.66) 
3 M 23-3 65.00 (165.10) 149.00 (67.59) 
4 M 37-11 61.00 (154.94) 125.00 (56.70) 
5 M 40-2 64.00 (162.56) 148 .. 00 (67.13) 
6 M 22-7 61.00 (154.94) 163.00 (73'.94) 
7 M 24-7 60.50 (153 .. 67) 158.00 (71.67) 
8 M 21-2 62.00 (157.48) 139.00 (63.05) 
9 M 35-11 57.75 {146.69) 162.00 (73.48) 

10 M 33-3 61.50 ( 1 56. 21 ) 217.00 (98.43) 

Normal Subjects 
6- to 10-year-olds 

1 F 10-3 · 55.10 (139.95) 84.00 ( 38. 10) 

2 F 9-6 53.90 (136.91) 76.50 (34.70) 

3 F 9-7 54.75 (139.07) 81.00 (36.74) 

4 F 10-0 56.30 ( 143. 00) 83.00 (37.65) 

5 F 9-5 51 .18 ( 130.00) 72.00 (32.66) 

6 F 10-0 53.15 (135.00) 70.00 (31.75) 

7 F 10-3 58.27 ( 148.00) 87.00 (39.46) 

8 M 9-10 52.36 (133.00) 81.00 (36.74) 

9 M 9-5 52.75 (133.99) 65.00 (29.48) 

10 M 9-8 . 56.50 (143.51) 94.50 (42.87) 

Normal Subjects 
11- to 18-year-olds 

1 F 11-2 59.00 (149.86) 91.00 (42.87) 

2 M 16-6 66.50 (168.91) 147.50 (66.91) 

3 M 13-10 63.75 (161.93) 105.00 (47.63) 

4 M 13-10 64.25 (163.20) 104.00 (47.17) 

5 M 11-8 56.50 (143.51) 94.50 (42.87) 

6 F 17-7 64.25 (163.20) 120.00 (54.43) 

7 M 17-0 72.00 (182.88) 180.00 (81.65) 

8 F 13-0 61.00 ( 154.94) 90.00 (40.82) 
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Subjects Sex Age Height Weight 
(y.rs-mos) (inches & em) (lbs. & kg) 

9 F 13-6 62.25 ( 1 58. 1 2) 110.00 (49.89) 
10 F 13-9 62.00 (157.48) 136.00 (61.69) 

Normal Subjects 
Adults 

1 F 22-0 66.00 (167.64) 140.00 (63.50) 
2 F 25-0 64.75 (164.47) 120.00 (54.43) 
3 F 28-0 64.50 ( 1·63. 83) 126.00 (57.15) 
4 F 20-0 67.75 (172.09) 120.00 (54.43) 

5 M 22-0 70.50 ( 179.07 160.00 (72.58) 

6 F 20-0 63.00 (160.02) 140.00 (63.50) 

7 F 20-0 65.25 (165.74) 143.00 (64.86) 

8 F 20-0 70.00 (177.80) 135.00 ( 61 . 24) 

9 F 30-0 67.00 ( 170. 18) 165.00 (74.84) 

10 F 29-0 66.00 (167.64) 155.00 (70.31) 

11 M 20-1 67.75 (172.09) 139.00 ( 63. Q5) . 

12 M 24-2 . 70.50 (179.07) 178.00 (80.74) 

13 M 21-8 . 74.75 (189.87) 195.00 (88.45) 

14 M 21-7 66.50 (168.91) 165.00 (74.84) 

15 M 20-0 74.00 (187.96) 161.00 (73.03) 

16 M 23-3 70.00 (177.80) 145.00 (65.77) 

17 M 21-0 71.75 (182.25) 175.00 (:79.38) 

18 M 21-0 66.50 (168.91) 140.00 (63.50) 

19 F 21-2 63.75 (161.93) 123.00 (55.79) 

20 F 36-6 61.75 (156.85) 105.00 (47.63) 

21 M 19-4 72.50 (184.15) 170.00 ( 77. 11 ) 

22 F 21-4 65.25 (165.74) 126.00 (57.15) 

23 F 19-5 65.00 (165.10) 143.00 (64.86) 

24 F 24-6 64.25 ( 163. 20) 165.00 (74.84) 

25 M 23-4 66.75 (169.55) 145.00 (65.77) 

26 M 21-8 68.00 (172.72) 143.00 (64.86) 

27 M 23-6 69.00 (175.26) 160.00 (72.58) 

28 M 19-7 69.75 ( 177. 17) 165.00 (74.84) 

29 M 20-11 67.50 (171.45) 143.00 (64.86) 

30 F 21-5 60.75 ( 154. 31 ) 151 . 50 (68.72) 
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Total Body Center of Gravity by Center of 
Gravity Board (C of G) and 

Photogrammetric (P) Techniques 

Subjects Sex c of G p c of G 
· (in %) (in 

Down's Syndrome 
6- to 10-year-olds 

1 M 45.31 45.12 58.60 
2 M 43.06 43.75 55.80 
3 F 43.50 42.22 48.06 
4 F 47.00 43.83 51.93 
5 M 43.52 42.98 54.72 
6 M 44.38 42.67 51.85 
7 F 49.01 46.04 54.70 
8 M 50.02 43.95 66.30 
9 F 48.02 45.62 65.52 

10 F 41.56 44.08 47.76 

Down's Syndrome 
11- to 18-year-olds 

1 F 44.63 44.07 64.90 

2 M 44.00 42.65 67.60 

3 M 45.91 45.32 79.00 

4 F 47.05 47.04 68.11 

5 F 46.03 46.01 65.80 

6 M 43.07 42.75 57.16 

7 M 43.37 43.77 67.20 

8 F 44.49 45.78 ·. 69.50 

9 M 44.05 44.82 67.70 

10 F 45.13 45.10 61.90 

Down's Syndrome 
Adult Females 

1 F 42.00 42.03 66.41 

2 F 45.61 45.67 66.03 

3 F 45.67 45.60 68.72 

4 F 46.71 47.95 68.22 

5 F 45.29 45.28 66.72 

6 F 45 .·85 45.79 67.50 

7 F 49.70 49.67 75.75 

p 
em) 

58.45 
56.67 
46.65 
48.43 
54.03 
49.85 
51.46 
58.32 
62.28 
50.66 

64.09 
65.55 
78.00 
68.11 
65.74 
56.74 
67~82 

71. 51 
68.87 
61.86 

66.46 
66.12 
68.63 
70.03 
66.70 
67.46 
75.70 
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Subjects Sex c of G p c of G p 
(in %) (in em) 

8 F 48.01 47.80 71.93 71.63 
9 F 46.53 46.46 70.91 70.81 

10 F 46.20 46.18 66.59 66.57 

Down's Syndrome 
Adult Males 

1 M 45.80 45.68 68.63 68.46 
2 M 44.24 46.79 71.10 75.18 
3 M 44.00 43.94 72.64 72.54 
4 M 45.44 45.39 70.38 70.33 
5 M 45.50 45.70 73.96 74.29 
6 M 45.30 45.22 70.10 70.08 
7 M 43.73 43.74 67.22 67.22 
8 M 52.62 52.10 82.90 82.05 

9 M 43.88 43.84 64.34 64.31 

10 M 44.24 44.19 69.10 69.03 

Normal Subjects 
6- to 10-year-olds 

1 F 43.54 48.43 60.96 67.79 

2 F 43.71 43.13 59.84 59.05 

3 F 45.00 44.85 62.55 62.37 

4 F 41.03 46.90 58.67 67.07 

5 F 44.06 43.89 57.20 57.06 

6 F 44.00 43.78 59.40 59.11 

7 F 46.16 46.94 68.32 69.47 

8 M 42.01 41.81 55.86 55.61 

9 M 44.74 44.45 59.89 59.56 

10 M 42.73 43.00 61.32 61.71 

Normal Subjects 
11- to 18-year-olds 

1 F 41.09 41.30 61.58 61.89 

2 M 43.00 42.59 72.60 71.93 

3 M 41.44 41.43 67.10 67.08 

4 M 42.24 42.25 68.95 68.95 

5 M 42.73 43.00 61.32 61.71 

6 F 44.43 44.37 72.50 72.41 

7 M 42.38 42.36 77.50 77.47 



10_2 

Subjects Sex c of G p c of G p 
(in %) (in em) 

8 F 43.58 43.57 67.51 67.51 
9 F 41.99 43.72 66.41 69. i 3 

"10 F 43.75 43. "18 68.90 68.00 

Normal Subjects 
Adults 

ii M 44.00 43.99 · 75 .. 7"1 75.70 
"12 M 42.49 43.90 76.10 78.61 
13 M 42.99 43.36 81.64 82.33 
14 M 43.77 42.78 73.92 72.25 
15 M 43.99 44.25 82.70 83.17 
16 M 41.63 41.60 73.97 73.97 
17 M 42.32 42.54 77.20 77.52 

18 M 44.76 43.08 75.60 72.96 

19 F 44.00 43.51 71.20 70.46 

20 F 42. 96 ' 43.48 67.44 68.19 

21 M 43.01 42.97 . 79.18 79. i 2 

22 F 44.95 43.68 74.50 72.40 

23 F 45.48 45.09 75.09 74.45 

24 F 44.90 44.38 73.20 72.43 

25 M 44.95 44.14 76.20 74.83 

26 M 44.01 43.53 75.90 75.19 

27 M 44.45 44.08 77.90 77.26 

28 M 44.25 44.04 78.39 78-.02 

29 M 42.60 42.32 73.00 72.55 

30 F 44.99 44.35 69.40 68.44 



Segmental Centers of Gravity by Photogrammetric Technique 
in Percentage of Length from Proximal Joint 

Subjects Sex Head & Thigh Shank Foot Upper Fore-
Trunk Arm arm 

% % % % % % 

Down's Syndrome 
6- to 10-year-olds 

I M 59.64 40.48 45.71 66.67 43.15 41.44 
2 M 54.71 40.28 45.62 66.67 43.50 41.49 
3 F 54.65 40.21 45.67 66.67 45.09 40.49 
4 F 58.21 40.32 46.47 66.67 42.85 41.26 
5 M 56.49 40.83 46.43 66.67 43.95 40.66 
6 M 53.08 40.97 47.31 66.67 43.47 40.50 
7 F 59.56 39.87 45.25 66.67 42.25 40.65 
8 M 58.35 39.24 46.30 66.67 42.49 39.29 
9 F 62.91 40.02 46.14 66.67 43.57 40.42 

10 F 54.67 40.36 45.89 66.67 43.69 39.94 

Down's Syndrome 
11- to 18-year-olds 

1 F 56.05 38.95 46.32 66.67 41.86 41.25 
2 M 55.85 40.38 47.62 66.67 44.05 41. I 3 
3 M 58.45 39.53 47.53 66.67 43.36 40.07 
4 F 58. I 8 38.88 . 46.61 66.67 43.41 40.35 
5 F 60.01 39.92 46.24 66.67 43.90 39.67 
6 M 56.38 40.44 45.94 66.67 42.84 41.30 
7 M 57.95 39.66 45.91 66.67 42.37 40.10 
8 F 65.03 38.08 46.35 66.67 42.24 39.56 
9 M 59.50 40. I 8 46.92 66.67 43.01 40.00 

Hand 

% 

35.18 
35.08 
34.99 
34.92 
35.01 __!,. 

35.25 0 

35.08 
w 

34.77 
35.53 
34.85 

35. I 3 
35.33 
35.32 
34.91 
34.76 
35.41 
35.44 
34.91 
35. I 2 



Subjects Sex 
Head & Thigh Shank Foot Upper Fore- Hand 
Trunk Arm arm 

% % % % % · % % 

10 F 60.34 39.75 .. 45.67 66.67 44.36 39.60 34.91 

Down's Syndrome 
Adult Females 

1 F 58.97 39.34 46.98 66.67 42.14 39.91 35.14 
2 F 59.50 39.30 45.88 66.67 43.41 40.42 35.43 
3 F 64.77 38.76 56.74 66.67 42.66 40.93 34.98 
4 F 65.35 38.81 47.93 66.67 41.84 39.48 34.74 -I. 

0 
5 F 61.75 38.90 46.78 66.67 43.15 39.03 35.22 -1?-
6 F 58.84 41.16 46.10 66.67 42.42 40.66 35.07 
7 F 58.13 47.77 35.02 66.67 42.58 40.00 35.14 
8 F 60.60 40.20 45.29 66.67 43.09 39.55 34.17 
9 F 60-.4(' 39.63 45.24 66.67 43.96 38.98 35.46 

10 F 61.99 39.33 46.01 66.67 43.33 40.21 34.23 

Down's Syndrome 
Adult Males 

1 M 63.80 39.73 46.60 66.67 42.42 39.98 35.00 
2 M 60.72 40.08 47.43 66.67 43.49 39.95 35.15 
3 M 61.90 39.05 47.83 66.67 42.60 41.08 35.28 
4 M 60.47 40.90 45.64 66.67 44.16 40.91 34.71 
5 M 59.68 40.75 46.05 66.67 43.29 40.17 35.19 
6 M 59.79 38.87 46.38 66.67 42.54 40.50 35.05 
7 M 61.97 40.19 46.61 66.67 42.67 40.18 35.34 



Subjects Sex Head & Thigh Shank Foot Upper Fore- Hand 
Trunk Arm arm 

% % % % % % % 

8 M 59.43 39.39 44.91 66.67 44.12 39.92 35.28 
9 M 61.97 39.43 47.24 66.67 43.21 41.19 34.95 

10 M 62.33 40.02 47.20 66.67 42.98 39.92 34.90 

Normal Subjects 
6- to 10-year-olds 

1 F 55.03 39.67 47.62 66.67 43.18 39.73 35.46 
-L 

2 F 54.89 40.27 47.97 66.67 47.29 39.44 34.38 0 

3 F 57.70 40.18 46.34 66.67 44.05 40.83 33.48 01 

4 F 54.73 40.43 48.26 66.67 44.87 40.33 35.12 
5 F 57.56 39.66 47.42 66.67 44.03 40.03 35.39 
6 F 54.27 40.03 47.39 66.67 41.40 41.98 34.68 
7 F 58.97 40.92 44.94 66.67 43.01 42.46 34.96 
8 M 53.72 40.67 46.20 66.67 43.88 41.57 34.59 
9 M 53.64 40.32 46.67 66.67 42.65 42.34 35.10 

10 M 57.17 40.83 45.92 66.67 44.18 39.89 34.89 

Normal Subjects 
11- to 18-year-olds 

I F 52.64 40.18 46.24 66.67 42.66 41.32 34.34 
2 M 56.83 40.35 45.47 66.67 42.47 40.04 35.54 
3 M 55.07 41.58 45.66 66.67 44.06 49.32 34.80 
4 M 54.56 40.88 45.57 66.67 43.78 40.38 34.73 
5 M 57. 17 40.83 45.92 66.67 44.18 39.89 34.89 



Subjects Sex Head & Thigh Trunk 
% % 

6 F 54.76 39.86 
7 M 56.46 40.95 
8 F 54.92 40.36 
9 F 56.94 39.25 

10 F 58.13 39.72 

Shank Foot Upper 
Arm 

% % % 

45.76 66.67 43.68 
45.04 66.67 43.99 
45.55 66.67 43.59 
46.47 66.67 43.49 
45.83 66.67 43.06 

Fore-
arm 

% 

40.36 
40.42 
40.26 
40.17 
40.58 

Hand 

% 

35.05 
34.77 
35 ~ 13 
34.79 
34.62 

-1. 

0 
0> 1 



Subject 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

Segmental Centers of Gravity of Upper Arm, Forearm, and Hand by 
Immersion (I) and Photogrammetric (P) Techniques 

Upper Arm Forearm Hand 
Sex I p % I p % I p 

(em) (em) (em) (em) (em) (em) 

F 10.8 10.68 40.74 .. 9.2 9.08 40.25 7.0 6.44 

% 

35.25 
F 10.5 9.66 41.21 9.2 11. 13 40.13 7.3 6.30 · 35.42 
F 10.7 10.38 41.19 9.6 9.95 40.69 6. 1 6.22 35. 4 ·1 
F 9.8 9.92 40.78 9.0 10.13 40.56 6.3 6.45 35.47 
M 11.4 10.57 40.45 11.0 12.48 40.68 6.3 7.56 35.99 
F 10.7 8.49 41.62 11. 3 10.65 40.61 5.9 6.27 35.57 
F 9.3 9.69 40.08 11.9 10.53 41.34 5.3 5.98 35.10 
F 9.3 10.70 42.13 9.2 10.73 39.78 6.9 6.81 35.67 
F 10.3 8.73 40.14 10. 1 9.81 40.79 6.8 6.46 35.13 
F 10.3 10.56 42.45 10. 1 9.95 38.68 4.9 4.44 36.79 
M 11.7 10.65 42.10 9.2 9.70 39.97 5.0 5.89 35.05 
M 11.0 11.80 42.92 11. 5 11.70 39.62 6.2 6.87 35.19 
M 12.4 12.87 43.33 11.5 12.46 39.84 5.9 7.22 34.78 
M 9.5 .8 .46 41.71 11 . 6 12.13 40.80 5.8 6.21 34.75 
M 12.3 10.60 43.06 11.8 11.50 40.53 6.2 7.24 35.02 
M 11.8 10.98 44.01 11. 3 12. 15 41.08 5.9 6.80 35.02 
M 11.8 11 . 11 44.09 11. 5 11. 18 39.45 6.5 7.02 34.85 
M 12.0 11.49 43.15 10.7 10.30 39.82 5.1 6.22 34.76 
F 9.5 "10. 89 42.76 10.3 9.43 39.31 5.3 5.94 34.81 
F 10. 1 9.70 43.63 8.8 9.00 40.41 5.5 5.67 35.25 
M 11-. 1 11.79 43.72 11.2 10.60 39.54 5.3 6.43 35.07 
F 10.3 11.00 43.52 8.9 9.79 40.38 6.2 5.56 35.05 
F 9.5 11.00 42.97 8.9 9.70 40.35 5.5 6.28 34.78 
F 9.0 11.80 42.78 9.4 10.90 39.52 5.8 6. 56· 35.23 
M 11.9 10.70 42.17 11.3 11.50 41.04 5.2 6.32 34.66 
M 11 . 0 10.80 42.62 10.0 10.30 40.40 6.6 6.79 35.09 

....1. 

0 
-...! 



Upper Arm 
Subject Sex I p % 

(em) (em) 

27 M 11.0 10.99 42.70 .. 
28 M 12.5 11.40 44.63 
29 M 11.8 10.92 43.58 
30 F 8.8 8.40 42.67 

Forearm 
I p % 

(em) (em) 

10.5 11.20 40.06 
9.9 10.30 39.92 

10.1 11.10 40.16 
9.2 10.60 39.51 

Hand 
T p .L 

(em) {em) 

6.0 6.51 
5.7 7.20 
5.8 6.57 
5.1 5.87 

% 

35.06 
35.28 
34.80 
34.63 

--1. 

0 
OJ 
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Segmental Centers of Gravity of Shank and Foot by 
Immersion (I) and Photogrammetric · (P) 

Techniques 

Shank Foot 
Subject Sex I p % I p % 

(em) (em) (em) (em) 

1 F 14o7 .15 0 30 38o69 4o2 3o56 66o67 
2 F 13o5 14 o17 38o93 4o8 4o35 66o67 
3 F 14 o1 15.62 47o77 4o0 4o76 66o67 
4 F 16o5 16.03 49o72 4.6 4o61 66.67 
5 M 19o0 21o79 49.37 4.5 4o56 66.67 
6 F 12.0 12.93 38.40 5.1 5o 53 66.67 
7 F 13 0 9 14.28 38~16 4o9 4o83 66o67 
8 F. 16.7 16.77 40.60 5.4 5o46 66.67 
9 F 14.1 14.81 39.13 4.9 4.96 66.67 

10 F 15.9 16.43 41.59 4o9 4.56 66o67 
11 M 15o2 19.50 46.72 4.0 4o50 66.67 
12 M 14o2 17 0 51 46o76 4.6 5.10 66o67 
13 M 18.5 18o39 45.59 4.5 4.40 66.67 
14 M 17o1 16o50 46o37 3o8 3.97 66.67 
15 M 19o3 19o30 46o40 4~8 5.20 66o67 

16 M 16. 1 18o04 45o61 4.9 4o32 66o67 

17 M 16.5 18.50 45.70 5.2 4.60 66.67 

18 M 14.5 17.87 45o51 4o2 4o08 66o67 

19 F 16.5 17.08 44o63 4.4 4.25 66.67 

20 F 15.2 16o30 46 0 51 3.7 3.89 66.67 

21 M 16.5 18.98 47.23 5.1 4.96 66.67 

22 F 15.4 16.20 46o80 4 0 1 4.00 66o67 

23 F 15.6 16.30 47.72 3.8 4.20 66.67 

24 F 15.4 17.60 47.35 4.7 4.40 66.67 

25 M 17o9 16.80 47.41 4o0 4.50 66.67 

26 M 15.8 17.35 46 o13 4.2 3.91 66o67 

27 M 15.8 15.77 47.06 4.7 4.60 66.67 

28 M 15.8 16.90 45.92 3.8 4.40 66.67 

29 M 15.2 17.69 45o59 4o5 4.71 66o67 

30 F 14o0 15.90 45.63 3.3 4.00 66.67 



1 10. 

Segmental Centers of Gravity of Head and Trunk 
and Thigh as Determined by 

Photogrammetric Technique 

Subjects Sex Head & Trunk 
% 

Normal Adults 

1 F 57.01 
2 F 55.16 
3 F 56.70 
4 F 54.34 
5 M 56.92 
6 F 60.27 
7 F 57.67 
8 F 57.64 
9 F . 57.60 

10 F 56.35 
1 1 M 54.48 
12 M 57.38 
13 M 56.76 
14 M 54.31 
15 M 56.50 
16 M 53.62 
17 M 56.70 
18 M 56.92 

19 F 54.95 

20 F 53.05 

2"1 M 56 .. 58 

22 F 55.04 

23 F 55.88 

24 F 58.01 

25 M 56.09 . 

26 M 55.35 

27 M 57.49 

28 M 59.22 

29 M 56.57 

30 F 58.82 

Thigh 
% 

40.34 
39.77 
39.45 
40.59 
40.34 
40.71 
40.88 
42.68 
39.86 
39.83 
40.65 

·40.95 
40.55 
40.56 
40.26 
41.00 
39.88 
40.56 
39.76 
39.23 
39.91 
39.60 
38.81 
39.24 
39.70 
40.87 
40.88 
40.56 
40.79 
39.67 
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