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Biodynamic Characteristics of Korean Male in Twenties-Mass, Center of Mass
and Moment of Inertia Charateristics of Body Segments
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Abstract

The body segment parameters of twelve young male Korean were measured to compare with the
results of foreign cadaver studies. A human body was assumed to have fourteen body segments.
The mass of each segment was measured with a water immersion test and the mass center of a
segment was determined on the balance platform by changing postures. In the the case of Korean,
because of the difference in body proportion, the mass center of whole-body is located further
from the distal end of head (Korean : 44.9% vs. Caucasian: 41.2%), and the mass center of each
segment also located in different proportional locations. The existing regression equations, which
can estimate segment mass based upon the anthropometric dimensions, estimates segment mass
(the mass of shank) for Korean with 139 error. Therefore, it is not recommended to estimate the
mass, and the moment of inertia of body segment of Korean based on the existing equations.
However, the density information of body constituents was similar enough to apply it to Korean
density. It was validated by the comparison between the results of the direct immersion method
and 3-dimensional volume reconstruction of segment from the cross sectional images of CT-scan.
The average body density measured from twelve subjects was 1.035 kg/m? and showed deceasing

trendency.
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Table 1 Division definition for body segments along with Z-axis
Segment Definition

Head |From the vertex to the segment connecting interspace joint centers between the cervical
vertebrae and the throracic vertebrae.

Upperarm From the proximal centroid(the center of the exposed ball of the humerus) to the distal
centroid (the center of the exposed epicondyles of the humerus)

Forearm | From the proximal centroid(a location like distal centroid of the upperarm) to the distal
centroid (the center of the cut surface of the capitate)

Hand |From the proximal centroid(a location like distal centroid of the forearm)

Thigh |From the proximal centroid (the center of the exposed head of femur) to the distal centroid
(the center of the epicondyles of the femur just anterior to the intercondyloid fossa of the
femur)

Shank |From the proximal centroid(a location like that of the distal centroid of the thigh) to the
distal centroid (the center of the exposed talus)

Foot |From the proximal centroid(a location like that of the distal centroid of the shank)

Torso [From a line passing through the proximal centroid (the center of the exposed spinal cord at
the level of C-1) to the distal axis point (a point located on the perineum in the mid-sagittal
plane)
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Table 2 Regression equations generated from the data of Chandler® for predicting sement moments of
inertia from anthropometric dimension

Segment Equation R?
Head I;=1.=24.114(HEADC) —1200.4 0.908
=25.102(HEADC) —6.4805(HEADL) —1122.6 0.964
Torso I:=754.38 (TORSL) +241.94 (CHSTC) —59445.0 0.984
=707.62(TORSL) +302.71 (WASTC) —58455.0 0.990
1,=173.73(CHSTC) —12623.0 0.858
=206.61 (WASTC) —13339.0 0.909
Upperarm 1:=12.687 (ACRDL) +2.1155 (BICPC) — 349.16 ' 0.988
=10.268 (ACRDL) +5.0655 (ELBOC) —349.71 0.992
=2.6797 (ELBOC) +0.94597 (BICPC) —82.643 . 0.989
=1.3707(ACRDL) +2.0758 (BICPC) —85.725 0.996
Forearm 1:=9.5544 (WRISC) +10.452 (RDSTL) —-371.11 0.904
1.=1.7258 (FARMC) +0.92028 (RDSTL) —63.602 0.964
Hand 1;=1.2064(HANDC) —19.059 0.824
=2.7443(HANDB) —16.882 0.891
1,=1.3387(HANDB) —9.4514 0.862
=0.62016 (HANDC) —11.185 0.886
Thigh 1:=80.589 (THIGL) +381.74 (KNEEB) —6525.7 0.944
1,=89.242 (KNEEB) +7.8926 (UTHIC) —1108.7 0.962
Shank 1;=30.629 (CALFL) +40.922 (KNEEC) —2261.3 0.899
=265.94 (ANKLC) —61.797 (CALFC) —3110.0 0.971
I, =8.0795 (KNEEC) —267.68 0.946
=12.049(ANKLC) —2.7994 (CALFL) —112.30 0.959
Foot 1;,=3.5538 (FOOTL) +2.3132(ARCHC) —114.76 0.916
=6.7508 (FOOTL) —4.2725(LMALH) —105.42 0.942
1.=1.2988 (ARCHC) —26.708 0.855
=1.2663(BOFTC) —22.019 0.926

Table 3 Values for k, and k, given to seven sig-
nificant segments

= =
Segment k, k,
Head 0.701 2.33 4.1 2AAMNEHH
o X A 3 1 21 &
Upperarm 0.979 6.11 Table 42 & Agel A7HE A= A
24AE 232 9o}

Forearm 0810 498 of AnE 7 ¥A FAAZ¥H ¥AE 4T
Hand 1.309 7.68 4 & HAAYAAL et gl Hom o
Thigh 1.593 _ 8.12 2 o9 vladiAe] s1Fo] =Helow, AR

=z = 3 1 =3 &) 51

— 5 pp = Ao AFR HAYAN L FL o 29
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Table 4 Mean, standard deviations, and ranges for anthropometric measures and other charateristic data

for the sample subjects

Measure Mean S.D. Range Measure Mean S.D. Range
AGE (yr) 24.6 23 20.0~27.0 | STMCL 8.2 0.6 7.1~95
WGT (kg) 63.9 36 57.7~715 | HANDC 204 0.7 19.3~21.8
HGT (cm) 171.6 3.7 163.9~175.4 || HANDB 8.4 0.4 8.0~9.5
HEADC(cm) 57.0 15 54.8~59.1 | HANDL 18.1 0.6 17.0~19.0
HEADL 185 0.7 175~198 | THIGHL 395 25 37.0~435
TORSHL 50.0 27 475~545 | UTHIC 52.7 2.2 48.2~51.0
CHSTC 87.2 3.1 84.3~94.0 || KNEEB 9.9 1.0 72~10.9
WASTC 74.4 19 715~778 | CALFL 40.5 14 38.5~415
ACRDL 34.1 1.6 32.1~36.7 || MCALFC 36.7 22 34.0~39.8
AXARC 28.8 11 27.3~30.7 || KNEEC 35.9 15 34.0~40.7
BICPC 40.7 1.2 39.4~424 || ANCKLC 22.8 14 20.7~255
ELBOC 24.9 1.0 232~26.0 | FOOTL 25.2 0.7 24.1~26.1
RDSTL 26.0 1.0 24.2~26.7 || ARCHC 32.2 0.9 31.0~32.8
FORMC 25.6 11 24.3~272 | LMALH 72 0.6 6.0~8.0
WRISC 16.4 0.6 15.2~17.3 BOFT 254 1.2 22.7~27.0
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Fig. 5 Images of shank from CT scan
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Table 5 Density, volume and mass differences among subjects of 1978, 1989%) and present study

Variables Yethod Park (78) Ahn (89) Psrtefg)rrlt
Hight (cm) 166.6+2.8 156.7+3.5 153.3+79 152.1+4.7 171.6+3.7
Age(yr) 22.0+1.3 22.0+0.8 13/0£0.0 -13.0£0.0 24.66+2.3
Weight (kg) 57.9+5.0 51.0+3.6 42.72+6.93 45.00£7.11 63.83+3.59
Volume (liter) 54.8+5.1 49135 40.15 42.61 61.769+3.86
Density (kg/Itr) 1.060+0.01 1.038£0.01 1.069+0.015 1.057+0.98 1.03510.02
Subject(No.) 50 32 38 40 12
Sex M F M F M

Table 6 Density equation for limbs from Drills and Contini®

Foot. Y=0.77113X +0.27876
Shank Y =0.7853X —0.25639
Thigh Y =0.69252X +0.32025
Hand Y=1.7373X —0.695
Forearm Y =1.30005X —0.2496
Upperarm Y=0.85793X +0.14863

X : Whole body density

Table 7 Average density of body segments(kg/liter)

Density

Segment Harless™ | Dempstert giiﬁ;% forean

(89) | (93)
Head Lu u 1056 - - -
Trunk - 1.03 0.853 - -
Thigh 107 1.05 1.018 1.066 | 1.037
Shank 1.10 149 1.059 1.097 | 1.070
Foot 1.09 1.10 _ 1.073 1.110 | 1.077
Forearm 110 1.13 1.043 1139 | 1.097
Upperarm|  1.08 L7 0.997 1.098 | 1.037
Hand 11 1.16 1.079 1.158 | 1.104

(’89) : Study of Ahn®
(’93) : Present study
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Table 8 Volume, mass and density of segments(volume : cc. mass: g, density : g/cc)

Subject | 1 2 3 4 5

6 7 8 9 10 | 11 | 12 | Mean

Volume | 3375 | 3889 { 3711 | 6819 | 3928

3394 | 6048 | 5942 | 5930 | 5950 | 3966 | 4144 | 4791 | 1223

Head

Mass | 4190 | 4317 | 4119 | 7569 | 4360

3767 | 6713 | 6596 | 6582 | 6605 | 4402 4600 | 5318 | 1358

Volume | 343 | 330 | 313 | 326 | 313

313 | 357 | 356 | 335 | 343 | 317 | 335 | 331.75 | 15.98

Hand Density |1.180(1.113{1.088 ;1.044|1.085

1.101|1.112{1.079|1.116 | 1.086 | 1.142 | 1.100 | 1.104 | 0.034

Mass 405 | 367 | 341 | 340 | 340

345 | 397 | 384 | 373 | 373 | 362 | 369 | 366 22

Volume | 1008 | 1041 | 842 | 1066 | 1038

1182 (1055 | 1149 | 902 | 1008 | 915 | 843 |1004.08 | 109.68

Forearm Density [1.1531.103 1.085|1.0511.082

1.095{1.103 |1.078 |1.106 | 1.083 |1.125|1.094 | 1.097 | 0.025

Mass 1163 | 1148 | 913 (1121 {1123

1294 | 1163 | 1238 | 998 | 1092 | 1029 | 922 | 1100 | 117

Volume | 1576 | 1530 | 1563 | 1580 | 1606

1791 | 1588 | 2136 | 1524 | 1935 | 1739 | 1679 | 1687 | 187

Upperarm Density [1.0751.041]1.029 [1.007 {1.028

1.036 | 1.0411.025 | 1.043 | 1.028 | 1.056 | 1.035| 1.037 | 0.017

Mass | 1693 | 1593 | 1609 | 1591 | 1659

1855 | 1653 | 2188 | 1590 | 1990 | 1836 | 1738 | 1749 | 187

Volume | 744 | 704 | 635 | 765 | 700

800 | 700 | 730 | 586 | 700 | 609 | 626 | 691.58 | 65.06

Foot Density |1.111{1.081|1.070 (1.050 |1.069

1.076 {1.0811.066 | 1.083 [1.069 | 1.094 (1.076 | 1.077 | 0.015

Mass 827 | 761 | 860 | 804 | 748

861 | 757 | 778 | 635 | 749 | 666 | 673 [ 745 69

Volume | 3375 | 3267 | 2295 | 2849 | 2857

2914 | 3434 | 3658 | 3100 | 3151 | 3034 (2974 {3075.67 [ 349.91

Shank Density {1.104 {1.074 |1.062 |1.042 { 1.061

1.068 {1.073 |1.058 | 1.075 |1.062 | 1.087 (1.068 | 1.070 | 0.015

Mass 3726 | 3507 | 2438 | 2969 | 3031

3113 | 3686 { 3871 | 3333 | 3345 | 3297 [ 3176 | 3291 | 390

Volume | 5703 | 6271 | 5638 | 6276 | 6141

6742 | 9812 | 7355 | 5615 | 6245 | 5768 | 5633 | 6265 | 713

Thigh Density {1.068|1.041]1.0311.013|1.030

1.036 {1.0411.027 |1.042 [1.030 |1.052 (1.036 | 1.037 | 0.014

Mass | 6089 | 6528 | 5813 | 6359 | 6323

6968 | 8129 | 7556 | 5853 | 6434 | 6071 [ 5835 ) 6497 | 722

Volume |29660(33825|29928 3101330795

33180|28182{33320|28066(31316|29296{31820| 30867 | 1933

Trunk

Mass 130550 (34840|30826 (3194331719

34175|29027{3432028908 [32255(|30175{32775] 31793 | 1991

Volume {58933 (64000|56211 (63556 |60033

6402264122 |70030158120164030158026(60144 62769 | 3862

Whole body |[Density |1.079|1.041 1.026 |1.001|1.024

1.0431.040|1.0211.043 {1.0251.057 |1.033| 1.035 | 0.020

Mass  {62543|66967)58534 /6588162510

6669867631 172947161054 (66824161099(62800| 64613 | 3909

Body weight (Mass  |63600|66600|57700|63600|61500

6500066700 (7150060600 (6565061350 62150 63929 | 3644

101.41103.6 }101.6

By scale Ratio |98.34 |100.5

100.9101.1|102.0|100.7 | 101.8 | 99.59 | 101.0 | 101.05 | 1282

B A (ST F9E 2872+470,7cc) L 3024g
(BFY=E 1,053%0,01cc/cmd) o]z CT &9
o2 73 AZFEIAE 2762.85+416.1cm?) &
2977go =, F AR el 47goldh F
ke Apol= ttest2 e wl£FgE J4] AF

Sk Fotde ARFAEL BEoziH 3,

01(%) 31 & Rl A4S Uik

Table 1201 4% & Aol st A7
MRIS} 7lete]l 94F 2347 wlmsigicsh, MRIe|
dls) & QT Aol Ao 2 olft AT o
4747 MRI& $54452 Fobas 4=7} ¥
¢ Zos d&s=, GE AFY 59 Chandler

=3
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Table 9 Weight of body segments relative to total body weight (%)

Brafme Dempster Matsui Clauser Ahn Presen

Segment 8(‘1;5‘;?;’{ (1955)0 | (1958)09 | (1972)9 | (1989)® (1322;
Head* 7.06 - 7.30 7.10 11.15 6.41
Trunk 42.70 49.4 47.90 52.16 39.54 50.33
Hand \ 0.5 0.90 0.61 0.74 0.54
Forearm 312 1.6 1.50 1.71 1.64 1.62
Upperarm 3.36 3.5 2.65 2.83 2.56 2.73
Foot \ 13 1.90 1.33 1.7 112
Shank 7.60 4.7 5.35 4.12 5.81 6.09
Thigh 11.58 13.7 10.00 10.01 12.19 9.74

*: Head and neck
\ : with forearm
\\ : with shank

Table 10 Mass center differences between pres-
ent study and other methods(%)

Segment Dempster™ | Clauser® | Present study
Body — 412 449
Hand 50.6 — —
Forearm+Hand| 67.7 62.6 452
Total arm 51.2 413 49.1
Foot 429 449 —
Shank +Foot 434 475 53.17
Total leg 434 38.2 49.87

Body : CM from vertex/statue ratio
Arm and Leg : CM from proximal end relative to
length of segment

o ASE AYol MEE £FUAUE gl 2 AL
£ A7 AARAS 29 APl v 4
of wo} AWEs} T Aoz AAA EF Fo}
B9l FAUE Bl AAeE Atk A
S5 Lesiol ¢ Aol ol H2 AWAE
o ¥ A% 59U AFAT] BE AP
Aoz A ke Sob 10% ol4el
A% wolm 3ee & 4aivh

}.
3
3

Table 34 A%34 5¢ 7ol B2 %
oz 7% ATEH A4 ulmsl
Uedoz G 49540 4—3— o

A= @ 4+ ARk

CTo| A4 W=3te Dempsters] Q7723 3
A 43w ; cortical bone(l.8gcm™®), A=W
cancel-lous bone(1,1gcm=2 ), &%(1.08gcm™3),
24} (0, 96 gem™®) & AL&3 el FES] 25%°l W
% cancellous bone2 F9}e] 50%w & cortical
boneo 2 7kF3dtglvt

L

45 QIAHEHEe HAF FHHLHYY

AollA 78 2+ 2A AFH AAMSAHAE of
3l Ak A4S 4 Y IARAAL 7Y
o, WAL FIE e B FHT 4+
Je HFE 25 ALE-Ste whA 3 7 ¥ (stepwise

regression method) & Al&-3fed F3j9icl, <9
gol ek,
(1) £ (hand) 9] A T3 4 (R?=0,975)
AL5 |4 &7 o] (Handl)
£Z (Handb)
4554 (Handc)
43573 o} (Stmcl)

42 53] (Wristc)
Y =44, 016 X (Handc) —65, 054 X (Handb)
+16, 492 (12)
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Table 11 Volume, mass and mass center of shank

Subject A B C D Mean SD
Height (cm) 174.7 172.2 163.9 170.3 170.3 4.6
Weight (kg) 63.6 73.15 57.7 58.0 63.12 722
Leng. of shank(cm) 415 40.5 39.0 41.6 40.56 1.21
% of fat 16.12 24.38 19.36 18.98 19.12 343
% of mucsle 60.96+14.9 | 57.03x125 | 62.10+13.26 | 62.44+12.99 | 60.63 248
% of bone 2292+149 | 1858+125 | 18.51+13.26 | 18.58+12.99 | 19.65 2.18
Vol. by CT (cc) 2735.7 33539 24089 2552.9 2763 416
Vol. by immers{cc) 2849 3447 2295 2897 2872 471
Diff. between Two (%) 96.02 973 109.0 90.0 98.08 7.95
Mass by CT(g) 2895 3659 2409 2994 2977 515
Mass by immers(g) 2969 3634 2438 3056 3024 489
Diff. between Two (%) 97.5 100.7 104.9 96.3 98.3 1.866
Density in immers 1.042 1.054 1.062 1.055 1.053 0.01
Center of mass 16.1 15.8 15.4 16.2 15.9 0.36
9% from proximal 38.72 38.92 39.53 38.86 39.01 0.36

Table 12 Means, standard deviation and ranges for shank mass(kg) along with the percent differences

between CT and other Methods
Method Mean S.D. Range Percent diffence (%)

CT 2.977 0.515 2.68~3.66 —

MRJa® 3.440 0.311 2.87~3.81 15.6

Chandler et al.® 2.686 0.553 2.18~3.78 —9.76

Clauser et al.® 2.842 0.363 2.13~3.42 —4.54

Dempster et al.®V 2.741 0.701 1.96~3.90 —7.93

Chandler et al.! 3.369 0.368 2.93~3.83 13.2

Clauser et al.! 2.577 0.275 2.37~2.96 —12.3

MRI : Studied by M. Mungiole
Chandler et al.': Predicted mass with Chandler’s regression equation

Clauser et al.!: Predicted mass with Clauser’s regression equation

(2) ozl (forearm) 9] AaFs Fah= Al (R?=0,926)
AL85 B4 ol B o] (Rdstl)
£5§# (Handc)

5] €8 (Elboc)

ot W% 2 &) (Farmc)

Y =41, 187 x (Farmc) + 46, 286
(3) )% (upperarm) &} AL F3h= 4 (R?=0, 887)
AHE-E w4 L 87 o] (Acrdl)

L4 &4 (Elboc)
A2 A zE4 (Axarc)

(13)
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Table 13 Means, standard deviation and ranges for shank center of mass(kg) location (percent of
segment length relative to proximal end) along the percent differences between CT and other
Methods
Method Mean S.D. Range Percent diffence
CT 39.01 0.36 38.7~395 —
MRI 41,6 0.98 40.0~43.7 6.64
Chandler et al.® 42,2 0.01 42.0~43.0 8.18
Clauser et al.® 37.1 0.36 34,7~38.6 —4.90
Dempster et al.V 43,3 — — 10.99
Hanavan® 424 0.56 415~43.45 8.69
Zatsiorsky et al.4® 41.8 0.13 41,7~42.0 7.15
o] A& (Bicpc) #) 8] £a) (Wastc)
Y'=40. 086 X (Bicpc) +120, 042 (14) Y =608, 934 x (Torsol) +1323. 777 (19)
(4) wz2le AT T A (R*=0.605) w me el Eebadal oddl el
24 A o] x
A28 W4 o2l 5 e (Heado) RAY ATHAS 9 2 AT duas
) & o] E. 2.9 3l 3
D-iE]7éo](Head1) ’0’] 017-“_|26, 1f:x"jE E/ioil’}‘ & o ]’\_ 73’_[" /\01’65‘1-
° A}E ~uls =
¥ =300. 651 X (Headl) —196. 196 (15 THE TR A2 4545,
(5) "ol A=kg F3h A (R?=0,918)
AL5 w4 k7o) (Footl) 46 TMRUE H A
WE-E# (Boftc) Table 14l E YolA AFT AP w4
2 g %] &8l] (Arche) HAWAAL o] 8¢ AANEAAE sMA 74 £F
w5 7] %o} (Lamlh) o) BAHREZ Tolgdch FHo FARAE 2
Y =21, 923X (Archc) +41, 949 (16)  Elske] wEolA A F Rrel ¥ A 24E A
(6) ZFolele AgE F3l& A (R*=0,956) ile] mlmatdn, =3 wAdEg WAL o &5)
A% |4 Fobel Aol (Calfl of gte Fael 4Y P Azst vlmatslch
%553 (Anklo) 250 A Aol Wyl N BYRAE Fo] &
%82 (Kneeb) o gel et ASE YUw, Rkl wet e
Fote) H3E# (Mcalfl) 2he BYRAE e olZaE AF HHA A
#& %9 (Kneec) olE 4L LA TARKE, 1AL Rl
Y =24, 551 X (Kneec) +78, 271 x (Mcalfl) 2 5 AAle Agste Wgrt dEd, AFol
388,102 a7 9E A% A vde d4s FeAA Do 99
(7) WAcele e Fohe A (R*=0.931) A ARE dEdhe P49 22k B AFh
A48 W4 0\ A ehel 2ol (Thigl) of HAAL A B AFol SEYE W 23bE
WA rhe] 325 (Mthigo) ANA Aoz A5d
25 (Kneec) o] AF ARl AU B AR
9% % o] £l (Uthige) Solol 443l vgeldolet wE L nag w4
Y'=0. 137 (Mthigc) +0. 218 (18) 3 FAPAAANA 22 Ade ARLE< AA
8) &% A& F3he A (R*=0.977) ol k3 wimd 4 glglAwt AY WA A
A5 W4 1 BE 7 o] (Torsol) it abo] & B Aotk A¥ WAL A$A
7%= (Chstc) 3 29 o] Yot ALE AR Azt vl
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Table 14 Moment of inertia of segments (kgcm?)

Linear Eq. Non-linear Eq.
Segment
IT IZ IT IZ
18459.1 | —3936.5 ~ -
Torso
25787.1 2027.6 - -
169.3 22.4 | 231.0 30.1
Upperarm
126.2 45.4 -~ -
6.5 18 155 2.7
Hand
6.1 4.2 - -
446.7 22.3 | 4145 422
Shank
686.4 49.1 - -
49.3 15.2 47.4 16.0
Foot
337 10.1 - -
57.6 4.6 47.2 6.1
Forearm
Thigh 456.1 1944 | 1039 26.4

Iz : Moment of inertia for transverce axis
I; : Moment of inertia for longitudinal axis
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