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Basic Results and New Data for Future
Development of the 16-Segmental 3D Model of
the Human Body

Gergana S. Nikolova, Daniel M. Dantchev, Vladimir K. Kotev and Alexander B. Kazakoff

Abstract— Geometric modelling is one of the methods for
determination of the mass-inertial parameters of the different
segments of the body, as well as of the body as a whole. It can
be in addition used for determination of the body mass-inertial
positions in different positions specific when a person performs
a given activity including those in everyday life like walking,
driving a car, relaxing at home in a convenient chair, but also
in sports, in entertainment, etc., including even position of
interest for NASA for planning the space activities of
astronauts. The current article presents data on the geometric
and mass-inertial characteristics of the human body based on a
16-segmental 3D model for some of the above-mentioned
problems. We present both a brief review of some of our
results, report some additional measurements needed for
improving the geometrical modelling and outline some
suggestions for the improvement and future development of
the model. The so developed model is oriented towards
application in medicine (orthopaedics and traumatology),
rehabilitation robotics, computer simulations, sports and fields
such as simulation of human behaviour in space, ergonomics,
criminology, and other areas.

Index Terms—Biomechanics, body segment parameters,
CAD design, mass-inertial characteristics

. INTRODUCTION

HE analysis of the human body geometric and mass-
inertial parameters is of decisive importance in human
motion analysis. . One of the first studies of mass, volume,
and centre of mass of male cadavers are those of [1], [2]. In
the ’60s and °’70s, several studies have reported
anthropometric and mass-inertial parameters for the
segments of the human body of elderly male cadavers [3],
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[4], [5]. Of course, much more involved, but obviously
much more important is the study of these characteristics for
living people. The investigation in that direction for living
male individuals have been based on the following methods:
immersion and cast method [6], [7], gamma mass scanning
[8], [9], geometrical modelling [10], [11], [12]. In the
current study, we utilize an approach based on geometrical
modelling.

When one represents via a mathematical model the human
body, or a combination of its segments, the following
problems must be solved:

1) Proper body decomposition — definitions of the
anthropometric points defining the segments and the
corresponding characteristic lengths.

2) Generation of a proper 3D model that includes the
decision which segment of the body shall be modelled with
what geometrical body.

3) Analytical determination of the properties of the
segments of interest like mass, the centre of mass, moments
of inertia using the mathematical properties of the 3D bodies
involved.

4) Determination of the parameters like lengths of the
corresponding segments by using data from anthropological
measurements, as well as from measurements of the density
of segments.

5) Generation of a computer realization of the 3D model
with the data determined in the previous point.

6) Verification of the computer-generated model via
comparison of the data obtained from the determination of
the human body mass properties by using analytically
derived results with those obtained based on the computer
realization.

7) Determination of the characteristics of interest of a
given part of the body, or the body as a whole, using the
computer realization for, say, special positions and
movements for which the analytical calculation would be
time-consuming, cumbersome, or difficult.

In the current article, we will be concerned with the above
mentioned seven points of that recipe for studying the mass-
inertial properties of the human body. The achievement of
these goals is crucial for the trustworthy prolongation of the
general recipe towards a reasonable computer realization.
As one of the potential practical goals of the study one can
think of obtaining data needed for the design of devices, say
upper human limb manipulator, aimed to help disabled
people, having problems with the movement of their upper
limbs, to determine the mass-inertial characteristics of the
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human body of the average male and female in several body
positions for space exploration as classified by NASA, to
analyse human walking during the 8 phases of human gait
cycle, in accordance with the literature, using 3D CAD
software.

Il. THE MODEL

In the current investigation, the model consists of 16
segments: head + neck, the upper part of the torso, the
middle part of the torso, the lower part of torso, thigh,
shank, foot, upper arm, forearm, and hand. All segments are
assumed to be relatively simple geometrical bodies — see
Fig.1. We suppose full body symmetry with respect to the
sagittal plane, i.e., complete ‘left-right’> symmetry. The
decomposition of the body segments is made according to
anthropometric points used in [8]. The mathematical model
of the human body is described in details in [13].

Fig. 1. 16 segmental model and the corresponding dimensions.

The geometrical data needed is taken from a detailed
representative  anthropological investigation of the
Bulgarian population [14] performed during the period
1989-1993. A total of 2435 males and 2855 females were
measured. We take the average values found in the above
investigation and design a model, which represents the so
defined “average” Bulgarian male. The segments are
modelled by means of geometrical forms similar to those in
[10], but with the following modifications: (1) the torso is
subdivided into three instead of two parts; (2) the torso
upper part is approximated by means of a right reverted
elliptical cone, while it is an elliptical cylinder in [10]; (3)
according to [15], we specify both middle and lower torso
modelled as an elliptical cylinder and an elliptical cylinder
+reverted elliptical cone, respectively (in [10], these two
segments are grouped together and modelled as an elliptical
cylinder). Take notice that the torso lower part is defined
here exactly as in [15]: it extends from omphalion to
iliospinale, with a plane passing through the iliospinales and
concluding an angle of 370 with the sagittal plane. All
segments of both the lower and upper extremities are
assumed to be cone frustums and the hand is modelled as a
sphere. Once the geometrical parameters of the segments are
determined, one can analytically obtain all the other
characteristics of interest, such as volume, mass and
moments of inertia.

I1l. SOME RESULTS

After determining the mass inertial parameters of the
segments, one can also study the corresponding
characteristics of the body as a whole assuming the body to
be in a given position of interest. In order to achieve this
goal, we have performed a realization of the model in the
CAD system — SolidWorks. We have verified the computer
realization by comparing the results it delivers for the mass
inertial parameters of the segments of the body with those
reported in [13]. The basic positions of the body have been
classified long ago in the literature — see, e.g., [16], [10],
[17], [5], [18]. One normally considers eight principal body
positions. Here, due to the lack of space, we will present
data for two of these positions: the so-called standing
position — see Fig. 2a, and the so-called “Mercury
configuration” — see Fig. 2b.

Fig. 2. (a) Standing position: Subject stands erect with the head oriented in
the Frankfort plane and with arms hanging naturally at the sides as when
measuring; (b) Mercury configuration: Same as sitting position, except 100°
back-thigh angle, thigh-leg angle 112°, forearm parallel to thigh.

Table 1 contains the data for the so-called standing
position for the principal moments of inertia, total mass, and
height. Table 1 also provides a comparison with the data we
have obtained for the average Bulgarian male with the
corresponding data taken from the literature. Table 1
includes the data for the average height and mass of person
in the corresponding study. The 50% and 95% marks in the
data of Hanavan [10] and NASA [18] mean that the
corresponding percent of measured data is below the value
reported in the table. The coordinate system for the results
reported in [5], [10], [16], [18] as well as the units used
there, have been converted to the ones used in present
investigation.

In Table 2 data for the principal moments of inertia for
the so-called “Mercury Configuration” position is given.

The inspection for both body positions shows a
reasonably good agreement between our results and those
previously reported in the literature. Additional information
for more body positions can be found in [19], [20], [21],
[22].

The investigation of mass-inertial parameters of human
extremities is an important issue of human motion
biomechanics.
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TABLE |
STANDING POSITION
Characteristic NASA Chandler Santchi Hanavan Our data
Ref. [18] Ref. [5] Ref. [16] Ref. [10]
50% 95% 50% 95%
Ixx [kg.cm?x10°] 14.4 18.5 17.2 12.7 9.1 14.1 9.7
lvy [kg.cm?x10°] 129.2 163.4 118.9 116.0 116.2 161.9 105.3
Izz [kg.cm’x10%] 1445 182.3 134.0 1295 122.3 1711 112.0
Center of mass [cm] 80.2 84.7 72.3 78.7 80.0 83.8 74.6
Total mass [kg] 82.2 98.5 65.2 75.5 73.4 90.9 72.5
Height [cm] 179.9 190.1 172.1 176.3 175.5 185.7 1715
TABLE Il
: MERCURY CONFIGURATION preserved in [13] and is usually also present in most of the
Inertial NASA = Santchi  Hanavan  Our  gagmetrical models of the human body we are aware of. In
moments Ref. [18] Ref. Ref. [10] data . "
[16] [13] the main part of the geometrical data needed to
50%  95% 50%  95% determine the geometrical parameters of the segments of the
b body is taken from a detailed representative anthropological
Ekg-cm X107 195 221-6 129 1735 258 199 investigation of the Bulgarian population  [14].
YY .
kg.cmx10] 955 213 47 826 1151 784 Unfortunately, the data col!ected does not include all the
Iz data needed to model the thigh, shank, upper and the lower
[kg.cm’x10°] 822 1018  74.1 804 1128 820 arm as right elliptical solids. For that reason, we made our

A method for determining the mass-inertial parameters of
the upper and lower arm, thigh and shank of the human
body using 3D geometrical modelling is presented below.
The method is based on our own anthropometric
measurements of 100 Bulgarian men and women that
complement the representative anthropological investigation
[14] of 2855 females and 2435 males of the Bulgarian
population aged 30-40 years. We improve the 16-segmental
mathematical model of the human body described in [13] by
modelling the upper arm, lower arm, thigh and shank with
versions of right elliptical stadium solids instead of using
the frustum of a cone. More specifically i) the upper arm
and thigh are represented by an elliptical solid with the base
(proximal end) being circular; ii) the lower arm and the
shank are considered to be right elliptical solids (see Fig.3).
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Fig. 3. A right elliptical stadium solid used to model the upper and lower
arm.

Let us immediately stress that one of the consequences
of modelling these segments via right elliptical stadium
solids is the lack of the “left-right” symmetry for the inertial
moments of these segments. The last symmetry was

own complementary anthropometric measurements of these
segments on an additional 100 Bulgarians - 50 men and 50
women, all of which inhabitants of the large city (Sofia).
From each group 20 are scientists while the other 30 are
personnel from the pharmaceutical company — management
and workers. For group of 50 male subjects the body mass
index (BMI) is 25.1 kg/m?, with standard deviation (SD) 3.6
kg/m?. The corresponding data for the group of scientists are
BMI 245 and SD = 3.4, while for the personnel of
pharmaceutical company one has BMI 24.5 and SD = 3.7,
accordingly. For the group of all 50 female subjects, BMI =
20.6 kg/m?, SD = 2.9 with BMI for the group of scientists
being 20.9 (SD = 2.9) and BMI for the group of personnel
of pharmaceutical company is 20.7 (SD = 3.3). The
comparison demonstrates that BMI is practically equal for
two separate subgroups of men and women,
correspondingly. Therefore, a different type of modelling of
the segments it is not enforced. In the anthropometric
measurements performed data forD,, D, and L, have
been collected. We shaped upper arm (acromion-radiale) as
an elliptical solid with the base (proximal end) being
circular. We measured the axillary circumference of the
upper arm. We calculated the radius Ry, of the base of the
upper arm by using this circumference. For elbow (distal
end) of the upper arm, we measured the epicondylar
diameter of the humerus (D, ), the diameter perpendicular

to the humerus (D,,)and the upper arm circumference
across epicondyles (L). All vertical lengths of the

segments (L) are taken from [14]. The lower arm (radiale-
stylion) is approximated by stadium solid. The parameters
for its proximal end are the above-mentioned dimensions
(distal end of the upper arm). For the wrist (distal end) of
the lower arm (see Fig. 1, but turned upside down) we
measured the breadth of radio-ulnar joint(D,,), the

thickness in the middle of the radio-ulnar joint
perpendicular to its breadth (D,;) and the radio-ulnar joint

circumference (L, ) . Based on the experimental value of the
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thigh circumference, one can find the thigh radius R, . For
the length of the thigh, we use the real anthropometric
length defined via the distance between tibiale and
iliospinale. The measured knee parameters (distal end of
thigh) are: subepicondilar diameter of the femur (D,,),

sagittal diameter perpendicular to subepicondilar diameter
of femur (D,,) and knee circumference across epicondyles

(Lg)- The shank (tibiale-sphyrion) is modelled as a
stadium solid. The parameters for modelling its proximal
end are the above-mentioned dimensions (distal end of the
thigh). The parameters measured for the ankle are:
transversal  supramalleolar ~ diameter (D,,), saggital

supramalleolar diameter perpendicular to the transversal
(Dy,) and the shank circumference over malleoli (L, ).

The average data for the directly measured independent
geometrical parameters described above, as well as their
standard and mean deviations for males and for females, are
summarized in Table 3, respectively.

TABLE Il

THE AVERAGE VALUES OF THE DIRECTLY MEASURED
INDEPENDENT PARAMETERS (CM) FOR MALES AND FEMALES.
IN BRACKETS THE STANDARD (SD) AND MEAN DEVIATIONS

(MD) ARE GIVEN. HERE D, AND D, SHALL BE UNDERSTOOD AS
D ,AND D, ,FOR ELBOW AND KNEE AND As D, AND
D, ; FOR WRIST AND ANKLE.

Parameter DI DI |_cir

M Fs M F M F
Axillary - - - - 33.2 255
arm (3.5) (3.8)
circumfere 2.7) (3.3)
nce
Elbow 7.9 6.6 6.1 5.1 27.1 22.8

(03) (02 (03) (02 (@7) (16)
02) (0.2) 02 (02 @14 (12
Wrist 54 46 35 30 172 149
(0.3) (03) (03) (02 (08) (0.7)
(03) (02 (02) (02) (06) (0.6)
Knee 100 9.1 111 100 390  36.0
08) (0.7) 08 (08 (25 (27)
(0.6) (0.6) (07) (06) (19 (22
Ankle 61 56 80 74 241 217
06) (05) 08 (07) @7  (16)
05  (0.4) 06) (06 (13)  (1.3)

With the data measured for D;, D, and L , and having in

mind the analytical properties of the stadium solid one can
determine the values of a, r, and r; of the corresponding
segments. These average values define the so-called average
men and the average woman. The height and weight of the
average man are 1.71.m and 77.7 kg, while for the average
woman they are 1.58 m and 65.3 kg. The results obtained in
this way are summarized in Tables 4 and 5 for males and for
females, respectively.

TABLE V
CALCULATED PARAMETERS, LENGTS AND DENSITIES FOR
FEMALES.
Segment Parameters
8 fo ho & Ny K, Lo
Upper 31 02 26 - 4.1° 4.1° 28.6 1053
arm
Lower 31 0.2 26 22 0.1 15 21.9 1100
arm
Thigh 39 07 50 - 9.5% 9.5% 47.9 1062
Shank 39 07 50 09 1.9 3.7 34.6 1088

TABLE IV
CALCULATED PARAMETERS, LENGTS AND DENSITIES FOR
MALES.
Segment Parameters
8 Mo ho & K, rn, L P
Upper arm 37 03 30 - 53 53 309 1053
Lower arm 3.7 03 3.0 25 0.2 17 24.7 1100
Thigh 39 11 56 - 9.1* 91°* 510 1062
Shank 39 11 56 14 17 4.0 37.2 1088

® The radius calculated by using the corresponding circumference.
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? The radius calculated by using the corresponding circumference.

In additions, there also the lengths L (in cm) of the
segments, according to [14], and densities p (in kg/m®) of
the segments, according to [13], are given. Using the
original experimental data measured and the analytical
properties of the solid bodies involved in modelling the
segments of the human body, we calculate the volumes,
masses, the positions of the centres of the masses and the
corresponding principal moments of inertia of the average
Bulgarian man and woman. Note that by approximating a
segment with a given geometrical body a given error in
reproducing its mass is immediately generated. Obviously,
better the geometrical approximation of the segments via
solid bodies smaller the corresponding error. Deriving an
analytical expression for the moments of inertia of right
elliptical stadium solid and performing the corresponding
numerics, the principal moments of inertia for the upper
arm, lower arm, thigh and shank are calculated. Table 6
contains the so-obtained results for males, and Table 7 for
females, respectively. More details can be found in [23],
[24].

We paid specific attention to the generated model for the
upper limb of the human body. We consider the limb as
composed by three segments — elliptic stadium solids
representing the upper and lower arm of the human, and a
sphere, that models the hand. The proposed model is shall
be helpful in engineering when designing devices aimed to
help disabled individuals. It can predict data for the inertial
parameters of a given male individual provided the
corresponding easily measurable geometrical data for this
individual are known. Using the model, we calculate the
volume and mass, the centre of mass and the principal
moments of inertia for the human body upper limb for two
basic sub-cases: i) determination of these parameters for the
separate parts of the upper limb: upper arm, lower arm and
hand and ii) for the human upper limb as a whole. For the
last, we used the computer realization of the model — see
Fig. 4. In order to validate the accuracy of the program, we
have performed a detailed comparison of the numerical
results obtained within the program with the numerical
evaluation of the analytical expressions that we have
derived for the corresponding quantities.

On the basis of the above described 3D model of the
human body, the mass-inertial characteristics of the average
Bulgarian male in a gate cycle model are studied. Also, the
three-dimensional movements of the body mass centre
during walking is investigated. Using the created 3D models
of the human body in SolidWorks medium the mass-inertial
characteristics of average Bulgarian men during the eight
phases of the human gait cycle is studied (see Fig.5).
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TABLE VI
MOMENTS OF INERTIA OF THE BODY SEGMENTS THROUH THE CENTER OF MASS (KG.CM? FOR MALES.

Segment Zatsiorsky Ref. [15] Shan and Bohn® Ref. [25] Nikolova and Toshev Ref. [13] Our data

Ixx lvy Izz Ixx lyy Izz Ixx lyy Izz Ixx lyy Iz
Upper arm 114.4 127.3 38.9 108.8 103.8 28.4 220.8 220.8 25.1 178.1 185.3 24.6
Lower arm 60.2 64.7 12.6 49.8 54.6 7.3 54.7 54.7 8.5 46.6 49.4 8.9
Thigh 1999.4  1997.8 413.4 1872.6 1879.9 4206 1564.0 1564.0 307.7 2073.9 2183.3 287.7
Shank 371.0 385.0 64.6 357.3 408.9 88.3 231.9 2319 34.0 337.0 363.9 52.9

® The data are obtained by using the regression equations derived by [25] applied for the average Bulgarian male person.

TABLE VII
MOMENTS OF INERTIA OF THE BODY SEGMENTS THROUH THE CENTER OF MASS (KG.CM2) FOR FEMALES
Segment Zatsiorsky Ref. [15] Shan and Bohn? Ref. [25] Nikolova and Toshev Ref. [13] Our data
IXX IYY IZZ IXX IYY IZZ IXX IYY IZZ IXX IYY IZZ
Upper arm 80.7 923 26.2 88.6 87.0 19.6 1235 1235 15.8 90.9 93.8 96
Lowerarm 39.7 40.9 53 29.9 31.8 4.2 34.6 34.6 4.0 23.7 227 43
Thigh 16473 1690.1  324.2 11111 11182  299.8 17147 17147 2905 16766 17708 2756
Shank 399.7  409.9 486 256.2 2988  69.0 119.4 119.4 24.8 2240 2398 345

® The data are obtained by using the regression equations derived by [25] applied for the average Bulgarian female person.

IV. IDEAS FOR FUTURE DEVELOPMENTS

In our future research, we plan to model body segments
with more complex figures for some of the segments and to
compose modified models of the entire body in which such
elements are encompassed. Such modifications we
mentioned above for the upper and lower limbs in which the
modelling has been based on elliptic stadium solids. A
model of the body as a whole, that involves such limbs is,
up to now, not studied. Further improvements of the
modelling of the upper and lower limb can be based on the
so-called, fully elliptic stadium solids — see Figure 7. More
details can be seen in [27].
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) ) ) Fig. 7.a) The cross-section s of the lower and the upper arm. It consists of a
Fig. 5. The eight phases of the human gait cycle. rectangular region 2 (light grey color) with horizontal length 2R, and
vertical one 2r.. On the top and the bottom of & two semi-ellipsis, &; and

3D human body model in SolidWorks medium recreating &y, are appended (the light red color). The semi-ellipsis &; and &, are with

e . major semi-axis R, and minor semi-axis R;. Obviously, & = & U &, is an
phase 1 — initial contact and phase and the phases 5 — pre- ellipse with semi-axis R, and R.. In a similar way, one has two semi-ellipsis

swing of human gait cycle are shown in Figure 6. & and & (the light blue color) appended to the left and to the right-side of

R with semi-axis r; and r. Thus, one has S=# U & U &, where & = &

U é:. b) The top down view of the upper-most and lowest cross-sections of

the lower part of the arm. The lowest cross section is with light red color,

‘B while the uppermost is in light green. The midpoints of all the cross-

)~ ) sections, marked by the red dots in the middle, do coincide — thus one

arrives at the right fully elliptic stadium solid, shown in c), as the 3D body

characterizing the lower arm. There it is shown a general view of the body

with which we will be modelling the upper and lower arm of the upper

limb. In this body at the bottom one thinks of a cross section S

characterized with lengths R, o, R, 4,74, 1,0 and on the top, for z = L, of a

cross section &1, with lengths R, ;, R, 1,731, 7; ;. The height of the body, the

distance between S, and S, is L. Let us note that here we have shown some

specific realization with given values of the parameters. The dimension

along to z axes in vertical direction is not in scale with the ones along x and
y in order to achieve better visibility.

Again, after the realization of such modelling of the upper
Fig. 6. 3D human body model in SolidWorks medium in phase 1 — initial and lower I|mb_s, one Sha” propose a model of the whole
contact and in phase 5 — pre-swing. body and quantify the difference between such a model and
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the previous ones. On shall study, of course, all the
problems already studied within the previous simpler
models. In doing so, a CAD realization of such a model
shall be realized. One of the problems here is the
verification of the computer-generated data for the model.
For doing so, analytical expressions for the new geometric
figures are needed. For example, one can derive
expressions for
+ the volume of the fully elliptic stadium solid

V= fDLA(Z)d = %LH[RLO(Z?},O +701) + R (10 +
2r,1)| + m[ruimeo + 2R R0 + RyyReg + 2117y +
10(2700 +71) + RyoRe1 + 2R (R4}

determine the position of centre of mass CM of the segment.
Due to the symmetry one obviously has that the x and y
coordinates of CM are equal to zero. The notation CM(z.,)
used below then simply reminds that what one actually

calculates is the z coordinate of the centre of mass z.,:
2

CM(zcy) = m{4RI,O(Tt,O +71)

+4R; 1 (Trp + 371 1) + T[(Ryo + Ry 1)Re o
+11,0(Te0 + 7e,1) +1,1(10 + 370,1) + (R0 + 3R )R 4]}

e components of the tensor of inertia I,.,, 1,,, and I,,.
The corresponding expressions are quite long and
cumbersome and thus we refrain of explicitly writing it
here. In order to determine the principal moment of inertia,
we have to use  Steiner’s  theorem  [28]
1M =1 —mcM2,

Another problem that needs a reasonable solution is to
properly model the specific way in which the hip joints the
lower part of the torso. The current modelling does not
reflect the fact that the torso lower part is extended from
omphalion to iliospinale, with a plane passing through the
iliospinales and concluding an angle of 37° with the sagittal
plane [15]. Our current attempts to resolve that issue leads
to a more complicated biomechanical 3D model of the
human body with 21 and more segment. Finally, better
statistics for determining the parameters of the elliptic
stadium solids and fully elliptic stadium solids is also highly
desirable. We are currently working on these issues.
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