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Featured Application: Proving the considerable diversity in anthropometry variations over
different population groups, the paper extends the existing scaling algorithm on a virtual
biomechanical human body model by a personalization method leading to the development
of subject-specific human body models. Such models serve for assessing the injury risk and
optimizing personal protective equipment (PPE) for a specific persons using virtual approach
and numerical simulation.

Abstract: Virtual human body models contribute to designing safe and user-friendly products
through virtual prototyping. Anthropometric biomechanical models address different physiques
using average dimensions. In designing personal protective equipment, biomechanical models
with the correct geometry and shape shall play a role. The presented study shows the variations of
subject-specific anthropometric dimensions from the average for the different population groups
in the Czech Republic and China as a background for the need for personalized human body
models. The study measures a set of clothing industry dimensions of Czech children, Czech
teens, Czech adults and Chinese adults and compares them to the corresponding age average,
which is represented by a scaled anthropometric human body model. The cumulative variation
of clothing industry dimensions increases the farer is the population group from the average. It
is smallest for the Czech adults 7.54 % =+ 6.63 %, Czech teens report 7.93 % =+ 6.25 % and Czech
children differ 9.52 % + 6.08 %. Chinese adults report 10.86 % =+ 11.11 %. As the variations
of the particular clothing industry dimensions from the average prove the necessity of having
personalized subject-specific models, the personalization of particular body segments using the
measured clothing industry dimensions leading to a subject-specific virtual model is addressed.
The developed personalization algorithm results in the continuous body surface desired for contact
applications for assessing body behavior and injury risk under impact loading.

Keywords: human body; anthropometric dimensions; personalization; subject-specific model;
biofidelity

1. Introduction

Virtual prototyping enables fast product design and optimization using numerical
calculation. Virtual human body models play an important role in the design of human-
friendly and safe personal products. Addressing the wide population, customized
human body models [1,2] have a wide range of applications. A virtual human body
model with biofidelity can also serve for assessing injuries caused by external impacts [3].
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Such virtual approach towards injury risk assessment is useful for the development
of safety systems in mobility addressing autonomous driving, leisure riding, sports
activities, sportswear and activewear and many other fields using virtual biomechanical
human body models as the optimization and design tasks can be difficult to assess
experimentally taking wide populations (EU, US, ASEAN) with varying anthropometry
into account. For designing PPE, subject-specific human body models seem like a
promising tool for personal approach in safety [4,5].

There are two main steps in generating a customized virtual human body model,
namely the scaling and the personalization of a reference model. The scaling procedure
implements a reference model and updates its global dimensions to describe an average
representative of the population group with the given anthropometry [6-8]. Whilst scal-
ing changes only the global dimensions (anthropometry, mass and stiffness) based on the
general anthropometric parameters [6,7], personalization updates the local geometrical
and biomechanical details of the particular human body segments [9-11] and so leads
to a particular subject-specific model. In general, geometrically the reference model is
usually described by a cloud of nodes connected to elements creating the surface mesh.
The personalization of such model is usually based on mesh morphing [12], which
needs to have a considerable number of corresponding landmarks defined on both the
reference and the target models [13,14].

Both approaches are based on a reference model, which is a necessary starting point
for the development of a subject-specific model. The scaling approach is simpler as
it addresses only global (averaged) anthropometric dimensions for target population
groups [7]. Scaling is a perfect tool for creating generic human body models representing
a population group for virtual prototyping [8] as they have the correct mass distribution
and body flexibility to cover a wide spectrum of the population. However, if we want to
address the designing of PPE for a particular person, a subject-specific (personalized)
approach is needed as scaling does not provide details of the particular subject even
inside a particular population group. Additionally, the anthropometry of particular
segments might be unrealistic for a different population groups when using only scaling.
So, personalization brings an additional value for improving the anthropometry of the
particular dimensions of the particular subject, especially for pairing the human body
with clothing, PPE and the external environment in general.

The purpose of the paper is to measure subject-specific anthropometric dimensions
coming from the clothing industry for designing protective garments [15] for different
population groups. The subject-specific dimensions are compared to the average an-
thropometry, which is obtained by scaling the reference anthropometry [16] using the
average anthropometric data for the population group [17]. Based on the measured
dimensions, a personalization algorithm for creating a subject specific human body
model using only the clothing industry dimensions is developed.

There are also other initiatives [18] and options (e.g. 3D scanning) to generate a
subject-specific model using three-dimensional scanning, however, the paper benefits
from the existing scalable validated biomechanical virtual human body and extends the
scaling algorithm by the personalization to develop a mathematical model to be used for
numerical simulations in Visual Performance Solution (VPS) [19].

2. Materials and Methods
2.1. Participants

Four population groups including adults, teens and children were identified to
show the variations in the particular anthropometric dimensions taking the territorial
difference into account. The anthropometric measurements were carried out on Czech
adults, employees of the University of West Bohemia, Czech children and Czech teens
during sports activities. The total number of subjects was 152 ranging in age from 6 to 56
years. The Chinese adults, employees of the Tianjin Institute of Science and Technology,
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were carried out further. Their total number was 68 ranging in age from 24 to 60 years.
The males and females were equally represented.

The measurements were carried out on adult students and adult employees (N =
70, of which 38 males and 32 females, age between 20 and 56 years, weight between 47
and 105 kilograms and height between 159 and 193 centimeters) from the Faculty of
Applied Sciences, the Faculty of Education and the New Technologies - Research Centre,
all three entities of the University of West Bohemia. Further, informed employees of
the University of West Bohemia carried out the measurements on children (N = 50, of
which 30 boys and 20 girls, age between 5.5 and 7.5 years, weight between 18.3 and 35.6
kilograms and height between 110 and 134 centimeters) from kindergartens cooperating
with the Faculty of Education of the University of West Bohemia, and on teens (N =
32, of which 12 males and 20 females, age between 10 and 19 years, weight between 35
and 90 kilograms and height between 144 and 188 centimeters) who were students or
children of employees of the University of West Bohemia, during sports courses or at
home. Additional measurements were carried out on adult employees of the Tianjin
Institute of Mechanical and Electrical Technology (N = 68, of which 33 males and 35
females, age between 24 and 60 years, weight between 49 and 110 kilograms and height
between 155 and 184 centimeters) in China at their workplaces. Table 1 summarizes the
measured subjects involved in the study.

Table 1. Subjects involved in the study. The number of participants and their age range (minimum
A and maximum V values).

‘ Gender ‘ Czech children ‘ Czech teens ‘ Czech adults ‘ Chinese adults ‘

Male 38 30 12 33
Female 32 20 20 35
All 70 50 32 68

2.2. Anthropometric measurements

The clothing industry anthropometric dimensions [20,21] as shown in Figure 1 were
measured using a tailor measuring tape on the particular body segments.
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Figure 1. Clothing industry anthropometric dimensions. Identified clothing industry dimensions
are adopted from the protective garment clothing industry [15].

The anthropometric dimensions are described in Table 2. The dimensions are
mentioned by their number in the parenthesis in the further text. The age and the total
weight of each subject were also reported.


https://doi.org/10.20944/preprints202109.0335.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 September 2021 d0i:10.20944/preprints202109.0335.v1

Table 2. Clothing anthropometric dimensions. Lengths between particular external body points
and the circumference of particular segments.

| No. | Shortname | Description \
1 Body height Total body height
2 Chest c. Chest circumference (widest)
3 Abdomen ¢ | Waist circumference (narrowest)
4 Waist c. Waist circumference (trousers)
5 Hip c. Hip circumference (widest)
6 Shoulder w. Shoulder width
7 Back w. Back width
8 F. thoraxh. | Frontlength from neck to waist
9 B. thorax h. Back length from neck to waist
10 Shoulder 1. Length from neck to shoulder
11 Arm 1. Sleeve length from neck to wrist
12 Arm c. Arm circumference
13 Forearm c. Forearm circumference
14 Wrist c. Wrist circumference
15 Neck c. Neck circumference
16 Thigh 1. Length from crotch to knee
17 Leg 1. Length from crotch to ankle
18 Thigh c. Thigh circumference
19 Knee c. Knee circumference
20 Calf c. Calf circumference (widest)
21 Ankle c. Ankle circumference
22 | Abdomen h. Length from waist to ground
23 Head c. Head circumference

The total body height (1) is the distance between the top of the head and the bottom
of the heel when the subject stands upright. The measurements of the clothing industry
dimensions of the particular body segments concern the torso, the head-neck area and
the extremities. The chest circumference (2) is the circumference on the horizontal plane
at the widest part of the thorax. The abdominal circumference (3) is the circumference
on the horizontal plane at the narrowest part of the waist. The waist circumference (4)
is measured on the horizontal section of the trousers. The hip circumference (5) is the
circumference on the horizontal plane at the widest part of the hips.

The abdominal height (22) is the distance from the waist circumference to the
ground. The shoulder width (6) is the distance between the shoulders equal to biacromial
breath. The back width (7) is the thoracic width at the location of the chest circumference
(2). The thoracic front length (8) is the distance from the neck bottom (suprasternal notch)
to the horizontal plane of the abdominal circumference (3) on the front of the torso. The
thoracic back length (9) is the distance from the C7 vertebra (vertebra prominens) on
the horizontal plane of the abdominal circumference (3) on the back of the torso. The
length from the neck to the shoulder (10) is the distance from the side neck bottom to the
shoulder acromion.

The neck circumference (15) is measured around the middle section of the neck. In
additional to the standard clothing industry dimensions, the head circumference (23)
is measured on the horizontal plane a finger width above the eyebrow, as the head is a
crucial body part to be protected and correctly anthropometrically modeled.

Concerning the upper extremities, the arm length (11) is the sleeve length from the
neck to the location of the wrist circumference (14). The arm circumference (12) is the
circumference around the widest biceps muscle and the forearm circumference (13) is
the circumference around the widest forearm muscle. The wrist circumference (14) is
measured at the wrist section.

Concerning the lower extremities, the thigh length (16) is the distance between the
crotch and the horizontal plane of the knee section (19) and the leg length (17) is the
distance between the crotch and the horizontal plane of the ankle section (21).
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The thigh circumference (18) is the circumference around the widest section of
the quadriceps muscle. The knee circumference (19) is the circumference in the patella
section. The calf circumference (20) is the circumference around the widest horizontal
section of the calf muscle. The ankle circumference (21) is the circumference around the
ankle section.

2.3. Data analysis

The subject-specific clothing industry dimensions were measured and analyzed for
each of the four population groups including the Czech children, the Czech teens, the
Czech adults and the Chinese adults. For each dimension, the minimum value, the mean
value and the maximum value were calculated. The standard deviation for assessing the
variation within the group completed the analysis.

Each subject-specific dimension was compared to its counterpart in the average
anthropometry for the particular population group, which is obtained by scaling the
reference model to the particular subject. The scaling of the reference model to the
subject-specific human body model was based on gender, age, height and weight using
the previously developed and published algorithm [7,22].

The variation of the subject-specific dimensions from the average anthropometry
in the particular population group was calculated as the average difference of all 23
clothing industry dimensions between the scaled anthropometry and the measured
subject. The dimensions corresponding to the pair segments (the upper and the lower
extremities) were addressed only once for the variation calculation.

2.3.1. Reference model

The reference model is a previously developed and published virtual biomechanical
human body model [22] already implemented in a computational environment for
assessing the risk of injury during an impact. Figure 2 shows the reference model
representing an average human body based on the CEASAR database [16] corresponding
to the hardware dummies Hybrid III and THOR-50M used for vehicle frontal crash
testing [23].

Figure 2. Reference model. Front (left), side (middle) and back (right) views. The reference
model represents the average European anthropometry close to the Hybrid III 50 % or Eurosid II
dummies in terms of body dimensions. The reference model is a male with a weight equal to 77
kg and a height equal to 176 cm [24].
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The model is hybrid as it couples the basic multi-body structure with deformable
segments, performing in a short calculation time, and it is validated as being robust and
biofidelic, meaning it converges for complex loading patterns (multi-directional) and has
the correct mass distribution, stiffness and biomechanical behavior. As the dynamical
simulation uses finite element discretization, each segment of the model is discretized
by nodes forming elements to cover the external surface. Additionally, there are internal
free nodes inside each segment to define the center of gravity, principal inertial axis and
joint locations.

2.4. Personalization

The personalization method developed in the paper upgrades the existing scaling
algorithm [7] by addressing the measured clothing industry dimensions to the firstly
scaled reference body model shown in Figure 2 and so it develops a subject-specific vir-
tual human body model. The algorithm benefits from the implementation of the clothing
industry dimensions that are essential to design comfortable PPE. The presented person-
alization approach needs only basic subject-specific clothing industry dimensions, which
are usually available and simply measurable. The external body shape is personalized
using polynomial functions to secure the continuous and smooth body surface, which is
desired mainly for applications where the human body comes into contact with other
subjects or external objects.

2.5. Personalization algorithm

The personalization provides the local geometrical and biomechanical details of the
human body. Firstly, the scaling [7] is done for each subject to target the given gender,
age, height and weight. Having the scaled model, the personalization to provide correct
anthropometric dimensions is carried out. The two-step approach is described as

T = S+4P
T(X) = S(X)+AS(X) €))
Xt = Xg+ AXg

meaning T (target) equals S (scaling) plus P (personalization) where Xt describes the
coordinates of any point of the subject-specific (target) model referring to the same
point X in the reference model, which is firstly scaled to a semi-state Xg in the scaled
model. We refer X to a spatial point in the global coordinate system with the origin in
the H-point (the point in the middle between the hip joints) with the axis x (defining
the depth) pointing anteriorly to the front. The sagittal plane is the plane xz (the axis
z defining the height points cranially to the head) and the axis y (defining the width)
directs laterally from the right to the left forming the right-hand side system.

Personalization is the next step after scaling. Scaling is a necessary step to have
a model with global dimensions for the particular human body size before applying
the mathematical operation to refine the surface locally. As the scaling algorithm was
published previously, this paper will not address it, referring to the work by [7]. For per-
sonalization purposes, the scaled model is divided into segments summarized in Table 2
and schematically shown in Figure 3. Each segment can be described by the anthropo-
metric dimensions from Table 2 displayed in Figure 1. The personalization algorithm
runs independently of each of the 16 subject-specific segments defined in Table 3.
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Table 3. Segment numbers. Numbering of segments for personalization algorithm equations.

| Segment | Left | Right |

Head
Neck
Thorax
Abdomen

Arm 4
Forearm 5
Palm 6
Thigh 10 13
Calf 11 14
Foot 12 15

O =N W

O 0

using the corresponding dimensions from Table 2. There is a reference node Xg, chosen
on each segment as a local coordinate system origin, against which it is personalized, and
which also serves to connect the neighboring segments following the open-tree segment
system in the multi-body structure. It is usually the joint connecting the neighboring
segments [22]. The personalization benefits from the open-tree structure hierarchy, so
the base body (to be personalized first) is the abdomen followed by the thorax, neck
and head upwards and the left and right thighs, the left and right calves and the left
and right feet downwards. The thorax is followed by the left and right arms, left and
right forearms and left and right palms. The reference model stands upright so that the
local coordinate systems of all segments are aligned to the global coordinate system. The
geometry and shape of a particular segment is given by the reference model, see Figure
2.

@«

Figure 3. Human body segmentation. Methodology (left) and corresponding segmentation of

reference model (right).

Any node X§;, i € {1,...,m} (m being the numbers of nodes on the segment s) on
the scaled model S is personalized as

i = R°(Xg; — Xgo) + X5 )

where X7, is the personalized node on target model T and R® = R*(X) is the transforma-
tion matrix for particular segment s depending on the spatial node position X. Although
the personalization in Equation 2 holds for all segments, the transformation matrix R®
contains the local scaling (personalization) coefficients to personalize particular segment
s € {0,...,15} numbered according to Table 3. For each segment s € {0,...,15}, R is
a diagonal matrix with the space dependent personalization coefficients in the global
coordinate system, so that


https://doi.org/10.20944/preprints202109.0335.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 September 2021

pi(X) 0 0
RS:[ 0 pX 0 ] 6)
0 0 pi(X)

where p? fori € {x,y,z} are the personalization coefficients at location X in the global
coordinate system for segment s. We use polynomials of degree 7} in the form

7
pi(i) = kZOc?kik =P(Dy,...,D;, ) @)

to interpolate the personalization coefficient along each axis i € {x,y,z}. Lower index j;
forr € {1,...,ns + 1} is chosen from set {1, ...,23} as numbered according to Table 2.
Vector ¢ = [cfo, eeey cfn] contains the polynomial coefficients for segment s € {0,...,15}
in direction i € {x,y,z}. Generally, indication P(D;,, ..., Dj, ) means the interpolation
polynomial of degree n interpolating personalization coefficient as the ratios of n + 1
anthropometric dimensions (see Figure 1) as
()t

U s 2
where lower indexes T and S mean target (personalized) and scaled dimensions, respec-
tively, and j € {1,...,23} is the dimension number as numbered according to Table 2
and shown in Figure 1. For simplification in the further text, we indicate the personal-
ization coefficient D; = j. Particularly for example 15 means the neck circumference
and 17-16 means the calf height (as it must be calculated by subtracting the thigh length
from the leg length). For example, polynomial P(23) indicates a constant polynomial
calculated as the ratio

(23)7
, 6
(23)s ©
polynomial P(17-16) indicates a constant polynomial calculated as the ratio
(17)r ~ (16)7 ”

(17)s — (16)s”
polynomial P(13,14) indicates a linear polynomial interpolating the personalization
coefficient between points

(13)r  (14)r
(13)s"  (14)s’

and polynomial P(6,7,3,4,5) indicates a polynomial of degree 4 interpolating the person-
alization coefficient between points

6)r r Gr @r Or
6)s” (7)s" B)s” 4)s” (5)s
The polynomial interpolation might suffer from inaccuracy and unrealistic over-
shoots in the polynomial shape if we interpolate incomparable values, which is why the
scaling is carried out in the first step to approach the target shape, which is refined by
personalization.
For each segment, we firstly personalize the height based on the vertical dimensions
(1), (8), 9), (10), (11), (16), (17) and (22) as shown in Figure 1 by means numbering
according to Table 2. The height of each segment is personalized constantly, meaning
that

®)

)

pz(X) = P(D;) (10)

d0i:10.20944/preprints202109.0335.v1
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is the constant personalization coefficient for the particular segment height.

The frontal (segment depth) and lateral (segment width) personalization depends on
the circumference dimension of the particular segment. The circumference dimensions
are (2), (3), (4), (5), (12), (13), (14), (15), (18), (19), (20), (21) and (23) as shown in Figure
1 by means of numbering according to Table 2. As many segments are described by
circumference at the different horizontal location, the polynomials of the degree n > 0
interpolate the personalization coefficient along axes x and y depending on axis z, which
leads to the exact circumferences according to Figure 1 in the personalized model, so

pi = P/(Dy,..., Dy 11) v

where i € {x,y} and #; is the polynomial degree. We use the same polynomial degree n°
for axes x and y for segment s, because the polynomials are formed by the same number
of circumference dimensions for each segment.

Figure 1 also defines additional width dimensions, particularly (6) and (10), which
are useful as additional measures for personalization. The personalization of each
segment is described in detail in the following paragraphs.

2.5.1. Abdomen

The abdomen is the reference segment to be personalized first after the scaling. The
reference point is the H-point. According to Figure 1, the height is personalized by a
constant coefficient calculated as the ratio (between the target and scaled models) of
the abdominal height (22), from which we subtract the length from the crotch to the
ankle (17) and the ankle height (51). (51) is a new dimension, which is not addressed
in the clothing industry, so we take it from the scaled model. As the abdomen and the
thorax form a continuous segment, the polynomials interpolating the personalization
coefficient in depth and width are formed together along the abdomen and the thoracic
height. They are of degree 4 as they address 5 circumference dimensions. The depth is
personalized along axis z from the hip circumference at the widest point (5) over the
waist circumference at the point of trousers (4), the waist circumference at the narrowest
point (3), the thoracic circumference at the widest point (7) to the neck circumference
(15), where the neck circumference seems to be a good measure for the upper thoracic
depth. The width is personalized along axis z from the hip circumference at the widest
point (5) over the waist circumference at the point of trousers (4), the waist circumference
at the narrowest point (3), the back width (7) to the shoulder width (6).

2.5.2. Thorax

The thorax follows the abdomen at the joint between vertebrae T12 and L1 [20],
which is also the reference point. As the thorax height is defined by 2 dimensions in the
sternum and on the back, the height is personalized linearly between the front length
from neck to waist (8) and the back length from neck to waist (9) according to Figure 1.
The depth and width are personalized using the same polynomials as for the abdomen.

2.5.3. Neck

The neck follows the thoracic at the joint between vertebrae C7 and T1 [20], which is
also the reference point. According to Figure 1, the height is personalized by a constant
coefficient calculated as the ratio of the total body height without shoes (1), from which
we subtract the back length from neck to waist (9) and the abdominal height (22). As
height 1-9-22 is the total height of the neck and the head, the same personalization
coefficient is used for the head height. The depth is personalized by a constant coefficient
using the neck circumference (5). The width is personalized along axis z from the bottom
neck using the neck circumference (15) over the neck circumference (15) to the head,
where the personalization coefficient holds the neck circumference ratio (15). 62 is a new
dimension, which is not addressed in the clothing industry, so we take it as the double
shoulder length (10) subtracted from the back width (6).

d0i:10.20944/preprints202109.0335.v1
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2.5.4. Head

The head follows the neck at the clivus [20]. As height 1-9-22 is the total height of
the neck and the head, the same personalization coefficient is used for the head height.
The height personalization uses the same personalization coefficient as the neck uses.
The head size is not typically measured for the means of the clothing industry, so the
coefficients are missing. Therefore, the depth and width are personalized by a constant
coefficient using the head circumference (23), which is measured.

2.5.5. Arm

The arm follows the thorax in the shoulder joint [20]. The height (actually the
length of the arm) is personalized using a constant coefficient defined by subtracting
the shoulder length (10) from the sleeve length from neck to wrist (11). The depth
is personalized by a parabolic polynomial based on the arm circumference (12). The
polynomial holds the arm circumference ratio (12) in the elbow and the thoracic width
ratio (6) at its height, which brings a realistic shape of the personalized arm. The width
is personalized by a constant coefficient based on the arm circumference (12).

2.5.6. Forearm

The forearm follows the arm at the elbow joint [20]. The height personalization
uses the same personalization coefficient as the arm uses. The depth and width are
personalized using the same linear polynomials interpolating the ratios between the
forearm circumference (13) and the wrist circumference (14).

2.5.7. Palm

As the palm is not typically measured in the clothing industry and its small size,
mass and inertial effects do not influence any dynamical action considerably, the palm
is not personalized and only the dimensions raising from of the scaling are taken into
account.

2.5.8. Thigh

The thigh follows the abdomen in the hip joint [20]. According to Figure 1, the height
is personalized by a constant coefficient addressing the ratio of the length from crotch
to knee (16). The depth and width are personalized using the same cubic polynomials
interpolating the ratios between the hip circumference at the widest point (5), the thigh
circumference (18) and the knee circumference (19).

2.5.9. Calf

The calf follows the thigh in the knee joint [20]. The height is personalized by a
constant coefficient defined by subtracting the length from the crotch to the knee (16)
from the length from the crotch to the ankle (17). The depth and width are person-
alized linearly using the same polynomials interpolating the ratios between the calf
circumference (20) and the ankle circumference (21).

2.5.10. Foot

The foot follows the calf in the hip ankle joint [20]. As the foot is not typically
measured in the clothing industry and its small size, mass and inertial effects do not
considerably influence any dynamical action, the foot is not personalized and only the
dimensions raising from of the scaling are taken into account.

As the human body is expected to be symmetric, the personalization of left and
right arms, forearms, palms, thighs, calves and feet is the same. Table 4 summarizes the
personalization of all segments using the polynomial interpolation of the personalization
coefficients along coordinate axes.
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Table 4. Personalization coefficients of particular segments. The numbers in brackets denote the
particular dimension.

‘ Segment ‘ Abdomen ‘ Thorax ‘ Neck ‘ Head ‘ Arm ‘ Forearm ‘ Palm ‘ Thigh ‘ Calf ‘ Foot ‘

Height P(22-17-51) P(89) P(1-9-22) P(1-9-22) P(11-10) P(11-10) 1 P(16) P(17-16) 1
Depth P(5,4,3,7,15) P(54,3,7,15) P() P(23) P(72,12,12) P(13,14) 1 P(51819) | PRo21) 1

Width P(5,4,3,52,6) P(543526) | P(62,15,15) P(23) P(12) P(13,14) 1 P(51819) | Po21) 1

As the reference human body model is developed for dynamical analysis, the last
step is updating the masses and inertias of the particular segments concerning the shape
change as well as the ranges of the particular joints concerning the age using the same
approach as described and published by [7].

The personalization process is implemented in Python. The Python script first
reads the structure of the reference model as the finite element model [22]. The structure
concerns the multi-body system, which separated the particular segments and their
nodes representing the geometry into rigid bodies. The next step is the scaling of nodal
coordinates and updating the stiffness of the joints, which is is updated independently
using the approach previously developed and published [7,25].

After the scaling of each segment, the personalization runs. Then, the segment
masses and inertia are re-calculated based on the particular segment volume and shape
change using the approaches previously developed and published [7]. After that, the
segments are connected back together, as the volume and shape changes affected the
location of joints. Finally, the new model is saved using the updated nodal coordinates,
rigid bodies and joints. The joint stiffness is updated in parallel. The elements defining
the body surface are kept as they follow the change of their nodal coordinates. The
process flowchart is as follows:

1. Read reference model.
2. Scale reference model.

(a) Scale nodal coordinates [7].
(b) Update joint stiffness [7,25].
3.  Personalize scaled model.

(a) Personalize nodal coordinates according to Equation 2.
(b) Re-calculate mass and inertia [7].

4.  Save personalized model.

The optimization loop is illustrated in Appendix A as a flowchart.

3. Results

The clothing industry dimensions for the four groups of Czech children, Czech
teens, Czech adults and Chinese adults were measured and analyzed. Besides the
clothing industry dimensions, the age (a) in years and the total weight () in kilograms
of each subject were reported. The analysis concerned each particular population group
(all) as well as the subgroups of males and females. Table 5 shows the mean values and
the standard deviations, Table 6 shows the minimum and the maximum values. The
standard deviation assesses the variation within the group.
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Table 5. Average dimensions. Mean value (@) and the standard deviation (¢) for each dimension
(d). Average (©) and standard deviation () for each dimension. The age is reported in years, the
mass is reported in kilograms and the length dimensions are reported in centimeters.
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Table 6. Minimum and maximum values. Minimum (A) and maximum values (V) for each
dimension. The age is reported in years, the mass is reported in kilograms and the length
dimensions are reported in centimeters.
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31
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Chinese adults
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All the measured subjects were reconstructed by scaling using the previously devel-
oped and published scaling algorithm [7] and the reference model [22]. The following
figures compare the subject-specific dimensions obtained by scaling for different groups
of subjects. Particular dimensions from Figure 1 are calculated based on the scaled
reference model. The scaling variance is calculated as the average difference of all 23
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personalized dimensions between the scaled model and the measured subject. The pair
segments are addressed only once.

The average variations and the standard deviations for the group of 70 Czech adults
are displayed in Figure 4, the group of 32 Czech teens in Figure 5, the group of 50 Czech
children in Figure 6 and the group of 68 Chinese adults in Figure 7.
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Figure 4. Czech adults. Average variations and the standard deviations.
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Figure 6. Czech children. Average variations and the standard deviations.
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Based on the developed personalization algorithm, representatives of the particular
population groups are displayed further. The personalization process is shown on
Figure 8 using the model personalized in Figure 9. Firstly, the reference model shown in
the left is scaled to became the scaled model, which is shown in the middle. The scaling
algorithm updates the general dimensions and anthropometry, which is refined by the
personalization leading to the correct model. Figure 9 concerns a 6-year old girl with a
height of 118 cm and a mass equal to 19 kg from the Czech population group. Figure
10 concerns a 10-year old boy with a height of 144 cm and a mass equal to 35 kg from
the Czech population group. Figure 11 concerns a 14-year old girl with a height of 160
cm and a mass equal to 46 kg from the Czech population group. Figure 12 concerns a
19-year old female with a height of 158 cm and a mass equal to 46 kg from the Czech
population group. Figure 13 concerns a 45-year old male with a height of 176 cm and a
mass equal to 85 kg from the Czech population group. Figure 14 concerns a 45-year old
female with a height of 164 cm and a mass equal to 63 kg from the Czech population
group. Figure 15 concerns a 28-year old female with a height of 165 cm and a mass equal
to 50 kg from the Chinese population group.

The displayed models are set to scale so that they can be compared with each other.
By nature of the personalization algorithm targeting the particular dimensions from
Table 2, the developed subject-specific virtual human body models fit to their real subject
by those dimensions.
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Figure 8. Personalization process. Reference model (left), scaled model (middle), personalized
model (right).

Figure 9. Subject-specific Czech child model. Female, 6 years, 118 cm, 19 kg. Front (left), side
(middle) and back (right) views.

Figure 10. Subject-specific Czech teen model. Male, 10 years, 144 cm, 35 kg. Front (left), side
(middle) and back (right) views.
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Figure 11. Subject-specific Czech teen model. Female, 14 years, 160 cm, 46 kg. Front (left), side
(middle) and back (right) views.

Figure 12. Subject-specific Czech teen model. Female, 19 years, 158 cm, 46 kg. Front (left), side
(middle) and back (right) views.
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Figure 13. Subject-specific Czech adult model

. Male, 45 years, 176 cm, 85 kg. Front (left), side
(middle) and back (right) views.

beiiliie

T

Figure 14. Subject-specific Czech adult model. Female, 45 years, 164 cm, 63 kg. Front (left), side
(middle) and back (right) views.


https://doi.org/10.20944/preprints202109.0335.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 September 2021 d0i:10.20944/preprints202109.0335.v1

Figure 15. Subject-specific Chinese adult model. Female, 28 years, 165 cm, 50 kg. Front (left), side
(middle) and back (right) views.

4. Discussion

The presented study shows the variations of the subject-specific anthropometric
dimensions from the average for different population groups in the Czech Republic
and China as a background for the need for personalized human body models. The
study shows variations in all dimensions except the total height, as it is one of the basic
parameters for anthropometric modeling.

The variation of the Czech adults from the average (Figure 4) is the lowest in all
groups and is around 7.54 % (8.2 % for males and 6.9 % for females). This is probably
caused by the fact that the reference model is an average European subject, which is
close to the adult anthropometric group. The greatest variation is in the shoulder width
(6) followed by the wrist circumference (14) and the frontal shoulder height (8). The
great variation in the thoracic circumferences and the frontal thoracic height is probably
caused due to the fact that the real shape distribution can be affected by the muscle
mass or the breast size of the particular subject. The lowest variation is in the knee
circumference (19) followed by the arm circumference (12) and the hip circumference (5)
meaning that those dimensions can be well described by average anthropometry.

Decreasing the age, there is a slightly greater variation equal to 7.93 % (8.15 % for
males and 7.9 % for females) for the Czech teens (Figure 5). The teens, as well as the
adults, are well described by the average European subject. The greatest variation here is
again in the shoulder width (6), followed by the wrist circumference (14) and the frontal
thoracic height (8). Again, all these measures can be affected by muscle mass. The lowest
variation is in the knee circumference (19) followed by the waist circumference (4) and
the abdominal circumference (3).

The average variation for the Czech children (Figure 6) equals 9.52 % (9.57 %
for males and 9.49 % for females). Here the variation is greater as the children have
different anthropometry and segment proportions compared to the adults. However,
the variation is not so great with the biggest in the wrist circumference (14) followed by
the shoulder width (6) and the ankle circumference (21). The lowest variation is in the
head circumference (23) followed by the shoulder length (10) and the thigh length (16).

The greatest average variation is seen in the group of Chinese adults (Figure 7) and
is equal to 10.86 % (13.8 % for males and 8.16 % for females). This average variation is
even greater than in the case of the Czech children, meaning the different anthropometric
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proportions in the population. The standard deviation shows considerable differences
even inside the group. The Chinese anthropometry is different from the European one,
which causes the variation in dimensions average. The greatest variation is in the wrist
circumference (14) followed by the frontal thoracic height (8) and the back thoracic
height (9). The lowest variation is in the chest circumference (2) followed by the neck
circumference (15) and the thigh circumference (16).

In general, for all groups, the variation is over the average for males, whilst females
report variation under the average. This is probably caused by the anthropometric
reference model, which represents both male and female groups, where males are
usually more robust compared to females. The lowest variation is usually reached at
dimensions which are not affected by the local musculature too much.

The personalized models, which provide the correct anthropometric dimensions,
are based on the reference model surface mesh, where the problem of so-called down-
scaling occurs. This limitation of the study does not affect any dynamical calculation,
however, the future development plans a remeshing of particular body parts. Another
limitation of the study is that it focused only on limited groups in two territories. Even
with such a limitation, the study proved the variation of the particular anthropometric
dimensions, which might cause inaccuracy in virtual prototyping when developing PPE
and passive safety measures.

5. Conclusion

The current paper provides a measurement of 23 major clothing industry dimen-
sions on 220 human subjects including children, teens and adults in the Czech Republic
and China. The number of Czech subjects was 152, ranging in age from 6 to 56 years.
Additional measurements on 68 Chinese adults ranging in age from 24 to 60 years were
carried out. The males and females were equally represented.

Using a single reference model, the subject-specific human body model is developed.
On each subject, the scaling procedure was carried out to develop the generic scaled
model related to the particular gender, age, height and weight. The anthropometric
dimensions adopted from the clothing industry were compared to the measured ones.
Measured subjects report variations in clothing industry dimensions when compared
to an average subject of the same age. The cumulative variation of clothing industry
dimensions increases the farer the population group from the average. The Czech
subjects show lower variance than the Chinese subjects as the reference model is from
the European database.

The study proves the variation of the particular anthropometric dimensions by
comparison to the average anthropometric data, which might cause inaccuracies in
virtual prototyping when developing PPE. Taking the results of the study into account,
the development of personal protective systems should adopt the subject-specific models
due to the variations from the average. So, the personalization algorithm to develop
a subject-specific biomechanical human body model was developed and the chosen
subjects from the anthropometric study are shown by means of their personalized
models.

Scaling is a convenient tool for creating generic human body models representing a
population group for virtual prototyping, such as developing safety systems in mobility
or PPE. Modern technologies enable personalized products to be designed, so if we want
to address a subject-specific approach for designing PPE, personalization refines the
model towards the subject-specific anthropometry.
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