REGRESSION EQUATIONS

Anatomical landmarks used in the project

(with an addition of the marks added by de Leva, 1996)

	Acromion 
	The most lateral point on the lateral edge of the acromial process of the scapula. 

	Acropodion
	The tip of the longest toe (the first or second).

	Bispinous breadth
	The distance between the two iliospinales.

	Cervicale
	The superior tip of the spine of the seventh cervical vertebra.

	Gonion
	The most lateral point on the inferior posterior tip of the gonial angle formed by the intersection of the vertical and horizontal portions of the jawbone

	Dactylion
	The tip of the middle finger.

	Gluteal furrow landmark
	The most inferior point of the gluteal furrow formed by the protrusion of the buttock beyond the back of the leg.

	Iliospinale (or anterior iliospinale)
	The inferior point on the anterior superior iliac spine

	Inguinal ligament
	The ligament that extends from the anterior superior iliac spine to the pubic tubercle and forms the grin crease.

	Malleoli
	Lateral and medial bony protrusions of the ankle

	Metacarpale 

       3rd metacarpale
	The juncture of a metacarpal with the first phalanx of the finger.

The distal palpable point on the metacarpal of the third digit on the dorsal surface of the hand.

	Mid-gonion, mid-hip and mid-shoulder
	The points midway between the gonions, hip joint centers and shoulder joint centers, respectively.

	Omphalion
	The central point of the navel (umbilicus).

	Pternion
	The rearmost point on the heel.

	Radiale
	The lateral tip on the proximal head of the radius. 

	Sphyrion 
	The distal tip of the tibia. 

	Sphyrion fibulare
	The distal tip of the fibula.

	Stylion
	The distal tip of the styloid process of the radius.

	Suprasternale 
	The most caudal  point on the jugular notch of the breastbone (sternum).

	Tibiale mediale (tibiale)
	The most proximal point on the medial superior border of the head of the tibia.

	Tibiale laterale
	The most proximal point on the lateral superior border of the head of the tibia.

	Trochanterion
	The superior point on the greater trochanter of the femur.

	Vertex 
	The uppermost point of the head, when the head is held in the Frankfort plane (the subject looks directly forward with the gazing line parallel to the floor).

	Xiphion (or substernale)
	The lowermost end of the sternum.


Table A2.3

Main anthropometric measurements*

	Segments
	Length (distance between anthropometric landmarks)
	Circumference, ** 

the level of measurement

	
	From 
	To
	

	Foot
	Acropodion
	Pternion
	Metatarsus

	Shank
	Tibiale 
	Sphyrion 
	Maximum calf

	Thigh
	Iliospinale anterior
	Tibiale 
	Below the gluteal fold

	Hand
	Stylion 
	Dactylion
	Metacarpus

	Forearm
	Radiale 
	Stylion
	Maximum circumference

	Upper arm
	Acromion (the arm is abducted 90()
	Radiale
	Maximum circumference

	Head and neck
	Vertex
	Cervicale
	Maximum circumference

	Thorax
	Cervicale
	Xiphion
	Immediately below the breast nipples (in men)

	Abdomen
	Xiphion
	Omphalion
	At the level of the omphalion

	Pelvis
	Omphalion
	Iliospinale anterior
	At the level of the trochanterions


*The length measurements from this table are used mainly for segmentation purposes. They characterize the length of the segments whose inertia properties are determined. Specific measurements necessary for the best predictive regression equations are described in Table A2.8. Specific measurements used in the non-linear regression equations are listed in Table A2.10.  **A tape is perpendicular to the longitudinal axis of a segment.

Table A2.4

Segmentation pattern

	Segment
	Borders of the segments
	Comments

	
	Proximal or cranial
	Distal or caudal
	

	Head (head and neck)
	Vertex
	Cervicale
	Frontal planes

	Upper trunk (Thorax)
	Cervicale
	Xiphion
	

	Middle trunk (Abdomen)
	Xiphion 
	Omphalion
	

	Lower trunk (Pelvis)
	Omphalion
	Thighs are dissected from the trunk by the planes through the iliospinales at an angle of 37( to the midsagittal plane.
	The point of interception of the dissecting planes defines the quasi-length (l) of the pelvis, 
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,  where b is the bispinous breadth. The quasi-length was introduced to avoid palpating the groin area of the subjects by the researcher. 

	Thigh
	A plane through the iliospinale at an angle of 37( to the midsagittal plane.
	Tibiale
	

	Shank
	Tibiale
	Sphyrion
	

	Foot
	Sphyrion
	—
	The foot length is measured from pternion to acropodion.

	Upper arm
	Acromion
	Radiale
	The dissection is performed through the acromion by the vertical (sagittal) planes when the arm is abducted 90(.

	Forearm
	Radiale
	Stylion
	

	Hand
	Stylion
	—
	


Table A2.6

Coefficients of multiple regression equations for estimating the inertia properties of the male body segments from the known body mass and height.

The equations are in the form Y=B0+B1X1+B2X2, where X1 is body weight in kg, X2 is body height in cm, and Y is a mass-inertia characteristics. n=100. R is a multiple coefficient of correlation, 
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is the standard error. During the height measurements, the subjects stand erect, heels together, the head is in the Frankfort plane.  

	Segment
	B0
	B1
	B2
	R
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	6 Mass of segments, kg

	Foot
	(0.829
	0.077
	0.0073
	0.702
	0.101

	Calf
	​–1.592
	0.0362
	0.0121
	0.872
	0.219

	Thigh
	–2.649
	0.1463
	0.0137
	0.891
	0.721

	Hand
	–0.1165
	0.0036
	0.00175
	0.516
	0.063

	Forearm
	0.3185
	0.01445
	–0.00114
	0.786
	0.101

	Upper arm
	0.250
	0.03012
	–0.027
	0.837
	0.178

	Head and neck
	1.296
	0.0171
	0.0143
	0.591
	0.322

	Upper part of the trunk
	8.2144
	0.1862
	–0.0584
	0.798
	1.142

	Middle part of the trunk
	7.181
	0.2234
	–0.0663
	0.828
	1.238

	Lower part of the trunk
	–7.498
	0.0976
	0.04896
	0.743
	1.020

	6 Position of the CoM along the longitudinal axis, cm

The CoM position is measured from the following anthropometric points: foot –the tip of the second toe; shank – tibiale; thigh – iliospinale; hand – 3rd dactylion; forearm – stylion radiale; head – vertex; upper part of the trunk – cervicale; middle part of the trunk - xiphion; lower part of the trunk – omphalion.

	Foot
	3.767
	0.065
	0.033 
	0.530
	1.1

	Calf
	–6.05
	–0.039
	0.142
	0.510
	1.25

	Thigh
	–2.42
	0.038
	0.135
	0.600
	1.31

	Hand
	4.11
	0.026
	0.033
	0.383
	1.12

	Forearm
	0.192
	–0.028
	0.093
	0.371
	1.14

	Upper arm
	1.67
	0.03
	0.054
	0.368
	1.4

	Head and neck
	8.357
	–0.0025
	0.023
	0. 288
	0.69

	Upper part of the trunk
	3.32
	0.076
	0.047
	0.258
	1.19

	Middle part of the trunk
	1.398
	0.0058
	0.045
	0.437
	1.18

	Lower part of the trunk
	1.182
	0.0018
	0.0434
	0.320
	1.0

	Moment of inertia about the anterio-posterior axis, kg cm2

	Foot
	–100
	0.480
	0.626
	0.75
	6.8

	Calf
	–1105
	4.59
	6.63
	0.85
	48.6

	Thigh
	–3557
	31.7
	18.61
	0.84
	248

	Hand
	–19.5
	0.17
	0.116
	0.50
	3.7

	Forearm
	–64
	0.95
	0.34
	0.71
	10.2

	Upper arm
	–250.7
	1.56
	1.512
	0.62
	27.6

	Head and neck
	–78
	1.171
	1.519
	0.40
	42.5

	Upper part of the trunk
	81.2
	36.73
	–5.97
	0.73
	297

	Middle part of the trunk
	618.5
	39.8
	–12.87
	0.81
	237

	Lower part of the trunk
	–1568
	12
	7.741
	0.69
	156

	Moment of inertia about the medio-lateral axis, kg cm2

	Foot
	–97.09
	0.414
	0.614
	0.77
	5.77

	Calf
	–1152
	4.594
	6.815
	0.85
	49

	Thigh
	–3690
	32.02
	19.24
	0.85
	244

	Hand
	–13.68 
	0.088
	0.092
	0.43
	2.7

	Forearm
	–67.9
	0.855
	0.376
	0.71
	9.6

	Upper arm
	–232
	1.525
	1.343
	0.62
	26.6

	Head and neck
	–112
	1.43
	1.73
	0.49
	40

	Upper part of the trunk
	367
	18.3
	–5.73
	0.66
	171

	Middle part of the trunk
	263
	26.7
	–8.0
	0.78
	175

	Lower part of the trunk
	–934
	11.8
	3.44
	0.73
	117

	Moment of inertia about the longitudinal axis, kg cm2

	Foot
	–15.48
	0.144
	0.088
	0.55
	2.7

	Calf
	–70.5
	1.134
	0.3
	0.47
	2.2

	Thigh
	–13.5
	11.3
	–2.28
	0.89
	49

	Hand
	–6.26
	0.0762
	0.0347
	0.43
	1.8

	Forearm
	5.66
	0.306
	–0.088
	0.66
	2.9

	Upper arm
	–16.9
	0.662
	0.0435
	0.44
	12.5

	Head and neck
	61.6
	1.72
	0.0814
	0.42
	35.6

	Upper part of the trunk
	561
	36.03
	–9.98
	0.81
	212

	Middle part of the trunk
	1501
	43.14
	–19.8
	0.87
	188

	Lower part of the trunk
	–775
	14.7
	1.685
	0.78
	116


Example: For a 70-kg subject who is 173 cm tall, the estimated mass of the calf equals

Y = –1.592 + 0.0362(70 + 0.0121(173 = 3.03 kg.

Table A2.8

Best predictive regression equations for estimating inertia properties of body segments in males 

Coefficients of linear multiple regression equations

Y=B0+B1X1+…+ BnXn
Inertia properties of the foot

	Parameter
	B0
	B1
	B2
	B3
	R
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	Mass, kg
	–0.6286
	0.066
	–0.0136
	0.0048
	0.723
	0.099

	CoM, cm
	–1.267
	0.519
	0.176
	0.061
	0.711
	0.92

	Is, kg cm2
	–91.17
	5.25
	–0.335
	0.386
	0.810
	6.0

	If, kg cm2
	–89.1
	4.788
	0.477
	0.271
	0.835
	5.0

	Il, kg cm2
	–11.9
	0.771
	0.047
	0.243
	0.518
	2.8

	CoM position is determined from the end of the second toe. 

X1 –length of the foot, cm. The length is measured as a projected distance between the rearmost point on the heel and the tip of the most prominent toe (in overwhelming majority of the subjects it was the second toe).

X2 –maximal width of the foot; cm. The width is measured as the distance between the heads of the first and the fifth metatarsals.

 X3 – body fat, kg. Estimated from the skinfold measurements.


Inertia properties of the shank

	Parameter
	B0
	B1
	B2
	B3
	R
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	Mass, kg
	–6.017
	0.0675
	0.0145
	0.205
	0.963
	0.121

	CoM, cm
	0.0937
	0.396
	0.064
	–0.041
	0.645
	1.1

	Is, kg cm2
	–1437
	28.64
	3.202
	21.6
	0.964
	24.3

	If, kg cm2
	–1489
	28.97
	6.48
	21.5
	0.968
	23.1

	Il, kg cm2
	–194.8
	0.214
	–3.64
	8.9
	0.583
	20.5

	CoM position is determined from the tibiale.

X1 – length of the shank, cm.

X2 – lower diameter of the shank, cm (the projected transversal distance between the tips of the malleoli). 
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 where C1 is the proximal circumference of the shank, cm; C2 is the distal circumference of the shank, cm; and C3 is the maximal circumference of the shank, cm.


Inertia properties of the thigh

	Parameter
	B0
	B1
	B2
	B3
	R
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	Mass, kg
	–17.819
	0.153
	0.23
	0.367
	0.933
	0.572

	CoM, cm
	–3.655
	0.478
	–0.07
	0.088
	0.800
	0.99

	Is, kg cm2
	–6729
	87.8
	50.3
	75.3
	0.893
	206

	If, kg cm2
	–6774
	88.4
	38.6
	78.0
	0.896
	205

	Il, kg cm2
	–1173
	4.06
	6.0
	26.8
	0.878
	52

	The CoM position is determined from the iliospinale.

X1 is the projected length of the thigh measured from the iliospinale to tibiale in the supine position, cm.  

X2 is the lower diameter of the thigh, i.e. the maximal horizontal distance between the tips of the inner and outer tuberosities of the femur (the femoral epicondyles), cm.
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 where C1 is the distal circumference of the thigh measured 10 cm above the center of the patella, cm; C2 is the proximal circumference of the thigh measured approximately 2 cm below the gluteal furrow landmark (the gluteal fold), cm; and C3 is the median circumference of the thigh measured in the middle between the C1 and C2 measurements, cm.


Inertia properties of the hand

	Parameter
	B0
	B1
	B2
	B3
	R
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	Mass, kg
	–0.594
	0.041
	–0.035
	0.029
	0.744
	0.054

	CoM, cm
	–3.005
	0.596
	0.264
	0.091
	0.687
	0.887

	Is, kg cm2
	–41.05
	2.29
	–1.62
	1.27
	0.743
	2.9

	If, kg cm2
	–26.6
	1.818
	–1.083
	0.527
	0.782
	1.85

	Il, kg cm2
	–14.9
	0.596
	–0.814
	0.818
	0.540
	1.72

	The CoM position is determined from the end of the third digit with the fingers extended.
X1 - length of the hand, cm. 

X2 – width of the hand (at the level of metacarpus). The fingers are adducted. 

X3 – mean circumference, cm. 
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, where C1 is the circumference of the hand and C2 is the smallest circumference of the distal forearm.


Inertia properties of the forearm

	Parameter
	B0
	B1
	B2
	B3
	R
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	Mass, kg
	–2.04 
	0.05
	–0.0049
	0.087
	0.874
	0.08

	CoM, cm
	0.732
	0.588
	–0.0857
	–0.0187
	0.691
	0.89

	Is, kg cm2
	–229
	7.12
	​–0.049
	5.066
	0.910
	6.0

	If, kg cm2
	–220
	7.06
	–0.082
	4.544
	0.930
	5.1

	Il, kg cm2
	–39.2
	0.560
	–0.972
	1.996
	0.676
	2.7

	The CoM position is determined from the stylion.

X1 – length of the forearm, cm. 

X2 – width of the hand, cm ( the same as for the hand). 

X3 – mean circumference of the forearm, cm.  
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, where C1 is the smallest circumference of the distal forearm, cm; C2  is the maximal circumference of the forearm, cm; C3 is the median circumference measured in the middle between the C1 and C2 measurements, cm.


Inertia properties of the upper arm

	Parameter
	B0
	B1
	B2
	B3
	R
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	Mass, kg
	–2.58
	0.0471
	0.104
	0.0651
	0.889
	0.144

	CoM, cm
	–2.004
	0.566
	0.056
	–0.016
	0.924
	0.618

	Is, kg cm2
	–359
	10.2
	6.4
	8.5
	0.913
	14.4

	If, kg cm2
	–331
	10.3
	5.5
	5.6
	0.927
	13.6

	Il, kg cm2
	–106
	0.4
	3.8
	4.2
	0.648
	11.2

	The CoM position is determined from the radiale. 

X1 – the biomechanical length of the upper arm, i.e. the projected distance between the acromion and the radiale measured with the arm abducted 90(, cm. It can be estimated from the anatomical length of the forearm X (the distance from the acromion to the radiale measured in the anatomical posture) from the regression equation Y=4.64+0.586 X (r=0.413; 
[image: image14.wmf]=

s

2.3 cm). 

X2 is the circumference of the relaxed upper arm measured at the level where the maximal circumference is observed during the muscle contraction. The circumference is measured when the arm is hanging straight down at the side of the body. 
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, where D1 is the lower diameter of the upper arm, cm, and D2 is the lower diameter of the forearm, cm. D1 is measured as the distance between the outward edges of the internal and external condyles of the humerus (the epicondyle and epitrochlea). D2 is the distance between the styloid processes (bony protuberances) of the radius and ulna at the distal end of the forearm.


Inertial properties of the head and neck

	Parameter
	B0
	B1
	B2
	B3
	B4
	R
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	Mass, kg
	–7.385
	0.146
	0.071
	0.0356
	0.199
	0.791
	0.245

	CoM, cm
	0.201
	0.503
	0.0027
	0.043
	–0.158
	0.752
	0.53

	Is, kg cm2
	–987
	23.74
	3.97
	3.46
	18.58
	0.754
	31.1

	If, kg cm2
	–983
	19.9
	8.43
	3.22
	10.2
	0.748
	30.9

	Il, kg cm2
	–721
	7.36
	6.14
	2.28
	18.25
	0.603
	31.6

	The CoM position is determined from the vertex.

X1 is the projected length of the segment measured from the vertex to the cervicale in the supine position, cm.

X2 is the maximal horizontal circumference of the head, cm. During the measurement the head is held in the Frankfort plane.
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, where C1 is the circumference of the head (same as X2) and C2 is the circumference of the neck measured beneath the thyroid cartilage (pomum Adami), cm. 

X4 is the head diameter measured in the medio-lateral direction, cm 


Inertial properties of the thorax (the upper part of the trunk) 

	Parameter
	B0
	B1
	B2
	B3
	B4
	R
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	Mass, kg
	–18.91
	0.421
	0.199
	0.078
	0.065
	0.928
	0.715

	CoM, cm
	–2.854
	0.567
	0.0067
	0.032
	0.0152
	0.927
	0.51

	Is, kg cm2
	–5175
	105.4
	45.8
	4.01
	8.65
	0.888
	201

	If, kg cm2
	–2650
	65.6
	17.12
	5.83
	9.8
	0.908
	96

	Il, kg cm2
	–4149
	54.8
	43.7
	8.88
	9.63
	0.867
	184

	The CoM position is determined from the cervicale.

X1 is the projected length of the segment from the cervicale to the xiphoid process measured in the supine position, cm.

X2 is the circumference of the chest during a breathing pause, cm. The measuring tape goes immediately below the breast nipples (in men) and below the inferior angles of the scapulas. During the measurement the tape is slightly inclined with respect to the transverse plane of the body.

X3 is the mesosternal diameter of the chest, cm. The diameter is measured in the anterio-posterior direction at the middle of the sternum.

X4 is the body fat, kg (estimated from the skinfold measurements).


Inertial properties of the abdomen (the middle part of the trunk)

	Parameter
	B0
	B1
	B2
	B3
	B4
	R
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	Mass, kg
	–13.62
	0.444
	0.195
	–0.017
	0.0887
	0.931
	0.694

	CoM, cm
	–0.742
	0.485
	0.0007
	–0.002
	0.001
	0.931
	0.44

	Is, kg cm2
	–3271
	76.7
	30.3
	10.2
	18.3
	0.914
	141

	If, kg cm2
	–2354
	65.3
	21.5
	–2.3
	10.57
	0.945
	82

	Il, kg cm2
	–2657
	43.0
	33.3
	1.6
	20.6
	0.887
	145

	The CoM position is determined from the xiphoid process.

X1 is the length of the middle part of the trunk (i.e. the distance between the xiphoid and the omphalion) in the supine position, cm. 

X2 is the circumference of the abdomen at the level of the navel.

X3 is the diameter coxae, cm. 

X4 is the body fat estimated from the skinfold measurements, kg


Inertial properties of the pelvis (the lower part of the trunk)

	Parameter
	B0
	B1
	B2
	B3
	R
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	Mass, kg
	–15.18
	0.082
	0.243
	0.0216
	0.791
	0.938

	CoM, cm
	0.205
	0.064
	0.134
	–0.08
	0.388
	0.970

	Is, kg cm2
	–2354
	22.6
	34.37
	4.41
	0.745
	144

	If, kg cm2
	–1816
	18.0
	23.6
	7.29
	0.766
	111

	Il, kg cm2
	–2009
	20.1
	24.9
	11.2
	0.824
	105

	The CoM position is measured from the omphalion (the center of the navel).

X1 is the maximal circumference of the buttocks, cm. During the measurement, excessive pressing that may deform the buttocks should be avoided.

X2 is the bispinous breadth, i.e. the distance between the two iliospinales, cm.

X3 is the body fat estimated from the skinfold measurements, kg.
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