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Špottová, P.; Hampejsová, V.; Meng,

H. Personalization of a human body

model. Appl. Sci. 2021, 1, 0.

https://doi.org/

Received:

Accepted:

Published:

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional af-

filiations.

Copyright: © 2021 by the authors.

Submitted to Appl. Sci. for possible

open access publication under the

terms and conditions of the Cre-

ative Commons Attribution (CC

BY) license (https://creativecom-

mons.org/licenses/by/ 4.0/).

1 New Technologies - Research Centre, University of West Bohemia, Univerzitní 8, 201 00 Plzeň, Czech
Republic; hyncik@ntc.zcu.cz (L.H.); hcechov@ntc.zcu.cz (H.C.)

2 Faculty of Applied Sciences, University of West Bohemia, Univerzitní 8, 201 00 Plzeň, Czech Republic;
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Featured Application: Proving the considerable diversity in anthropometry variations over1

different population groups, the paper extends the existing scaling algorithm on a virtual2

biomechanical human body model by a personalization method leading to the development3

of subject-specific human body models. Such models serve for assessing the injury risk and4

optimizing personal protective equipment (PPE) for a specific persons using virtual approach5

and numerical simulation.6

Abstract: Virtual human body models contribute to designing safe and user-friendly products7

through virtual prototyping. Anthropometric biomechanical models address different physiques8

using average dimensions. In designing personal protective equipment, biomechanical models9

with the correct geometry and shape shall play a role. The presented study shows the variations of10

subject-specific anthropometric dimensions from the average for the different population groups11

in the Czech Republic and China as a background for the need for personalized human body12

models. The study measures a set of clothing industry dimensions of Czech children, Czech13

teens, Czech adults and Chinese adults and compares them to the corresponding age average,14

which is represented by a scaled anthropometric human body model. The cumulative variation15

of clothing industry dimensions increases the farer is the population group from the average. It16

is smallest for the Czech adults 7.54 % ± 6.63 %, Czech teens report 7.93 % ± 6.25 % and Czech17

children differ 9.52 % ± 6.08 %. Chinese adults report 10.86 % ± 11.11 %. As the variations18

of the particular clothing industry dimensions from the average prove the necessity of having19

personalized subject-specific models, the personalization of particular body segments using the20

measured clothing industry dimensions leading to a subject-specific virtual model is addressed.21

The developed personalization algorithm results in the continuous body surface desired for contact22

applications for assessing body behavior and injury risk under impact loading.23

Keywords: human body; anthropometric dimensions; personalization; subject-specific model;24

biofidelity25

1. Introduction26

Virtual prototyping enables fast product design and optimization using numerical27

calculation. Virtual human body models play an important role in the design of human-28

friendly and safe personal products. Addressing the wide population, customized29

human body models [1,2] have a wide range of applications. A virtual human body30

model with biofidelity can also serve for assessing injuries caused by external impacts [3].31
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Such virtual approach towards injury risk assessment is useful for the development32

of safety systems in mobility addressing autonomous driving, leisure riding, sports33

activities, sportswear and activewear and many other fields using virtual biomechanical34

human body models as the optimization and design tasks can be difficult to assess35

experimentally taking wide populations (EU, US, ASEAN) with varying anthropometry36

into account. For designing PPE, subject-specific human body models seem like a37

promising tool for personal approach in safety [4,5].38

There are two main steps in generating a customized virtual human body model,39

namely the scaling and the personalization of a reference model. The scaling procedure40

implements a reference model and updates its global dimensions to describe an average41

representative of the population group with the given anthropometry [6–8]. Whilst scal-42

ing changes only the global dimensions (anthropometry, mass and stiffness) based on the43

general anthropometric parameters [6,7], personalization updates the local geometrical44

and biomechanical details of the particular human body segments [9–11] and so leads45

to a particular subject-specific model. In general, geometrically the reference model is46

usually described by a cloud of nodes connected to elements creating the surface mesh.47

The personalization of such model is usually based on mesh morphing [12], which48

needs to have a considerable number of corresponding landmarks defined on both the49

reference and the target models [13,14].50

Both approaches are based on a reference model, which is a necessary starting point51

for the development of a subject-specific model. The scaling approach is simpler as52

it addresses only global (averaged) anthropometric dimensions for target population53

groups [7]. Scaling is a perfect tool for creating generic human body models representing54

a population group for virtual prototyping [8] as they have the correct mass distribution55

and body flexibility to cover a wide spectrum of the population. However, if we want to56

address the designing of PPE for a particular person, a subject-specific (personalized)57

approach is needed as scaling does not provide details of the particular subject even58

inside a particular population group. Additionally, the anthropometry of particular59

segments might be unrealistic for a different population groups when using only scaling.60

So, personalization brings an additional value for improving the anthropometry of the61

particular dimensions of the particular subject, especially for pairing the human body62

with clothing, PPE and the external environment in general.63

The purpose of the paper is to measure subject-specific anthropometric dimensions64

coming from the clothing industry for designing protective garments [15] for different65

population groups. The subject-specific dimensions are compared to the average an-66

thropometry, which is obtained by scaling the reference anthropometry [16] using the67

average anthropometric data for the population group [17]. Based on the measured68

dimensions, a personalization algorithm for creating a subject specific human body69

model using only the clothing industry dimensions is developed.70

There are also other initiatives [18] and options (e.g. 3D scanning) to generate a71

subject-specific model using three-dimensional scanning, however, the paper benefits72

from the existing scalable validated biomechanical virtual human body and extends the73

scaling algorithm by the personalization to develop a mathematical model to be used for74

numerical simulations in Visual Performance Solution (VPS) [19].75

2. Materials and Methods76

2.1. Participants77

Four population groups including adults, teens and children were identified to78

show the variations in the particular anthropometric dimensions taking the territorial79

difference into account. The anthropometric measurements were carried out on Czech80

adults, employees of the University of West Bohemia, Czech children and Czech teens81

during sports activities. The total number of subjects was 152 ranging in age from 6 to 5682

years. The Chinese adults, employees of the Tianjin Institute of Science and Technology,83
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were carried out further. Their total number was 68 ranging in age from 24 to 60 years.84

The males and females were equally represented.85

The measurements were carried out on adult students and adult employees (N =86

70, of which 38 males and 32 females, age between 20 and 56 years, weight between 4787

and 105 kilograms and height between 159 and 193 centimeters) from the Faculty of88

Applied Sciences, the Faculty of Education and the New Technologies - Research Centre,89

all three entities of the University of West Bohemia. Further, informed employees of90

the University of West Bohemia carried out the measurements on children (N = 50, of91

which 30 boys and 20 girls, age between 5.5 and 7.5 years, weight between 18.3 and 35.692

kilograms and height between 110 and 134 centimeters) from kindergartens cooperating93

with the Faculty of Education of the University of West Bohemia, and on teens (N =94

32, of which 12 males and 20 females, age between 10 and 19 years, weight between 3595

and 90 kilograms and height between 144 and 188 centimeters) who were students or96

children of employees of the University of West Bohemia, during sports courses or at97

home. Additional measurements were carried out on adult employees of the Tianjin98

Institute of Mechanical and Electrical Technology (N = 68, of which 33 males and 3599

females, age between 24 and 60 years, weight between 49 and 110 kilograms and height100

between 155 and 184 centimeters) in China at their workplaces. Table 1 summarizes the101

measured subjects involved in the study.102

Table 1. Subjects involved in the study. The number of participants and their age range (minimum
∧ and maximum ∨ 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 measurements103

The clothing industry anthropometric dimensions [20,21] as shown in Figure 1 were104

measured using a tailor measuring tape on the particular body segments.105

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 are106

mentioned by their number in the parenthesis in the further text. The age and the total107

weight of each subject were also reported.108
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Table 2. Clothing anthropometric dimensions. Lengths between particular external body points
and the circumference of particular segments.

No. Short name Description

1 Body height Total body height
2 Chest c. Chest circumference (widest)
3 Abdomen c 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. thorax h. Front length from neck to waist
9 B. thorax h. Back length from neck to waist
10 Shoulder l. Length from neck to shoulder
11 Arm l. 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 l. Length from crotch to knee
17 Leg l. 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 bottom109

of the heel when the subject stands upright. The measurements of the clothing industry110

dimensions of the particular body segments concern the torso, the head-neck area and111

the extremities. The chest circumference (2) is the circumference on the horizontal plane112

at the widest part of the thorax. The abdominal circumference (3) is the circumference113

on the horizontal plane at the narrowest part of the waist. The waist circumference (4)114

is measured on the horizontal section of the trousers. The hip circumference (5) is the115

circumference on the horizontal plane at the widest part of the hips.116

The abdominal height (22) is the distance from the waist circumference to the117

ground. The shoulder width (6) is the distance between the shoulders equal to biacromial118

breath. The back width (7) is the thoracic width at the location of the chest circumference119

(2). The thoracic front length (8) is the distance from the neck bottom (suprasternal notch)120

to the horizontal plane of the abdominal circumference (3) on the front of the torso. The121

thoracic back length (9) is the distance from the C7 vertebra (vertebra prominens) on122

the horizontal plane of the abdominal circumference (3) on the back of the torso. The123

length from the neck to the shoulder (10) is the distance from the side neck bottom to the124

shoulder acromion.125

The neck circumference (15) is measured around the middle section of the neck. In126

additional to the standard clothing industry dimensions, the head circumference (23)127

is measured on the horizontal plane a finger width above the eyebrow, as the head is a128

crucial body part to be protected and correctly anthropometrically modeled.129

Concerning the upper extremities, the arm length (11) is the sleeve length from the130

neck to the location of the wrist circumference (14). The arm circumference (12) is the131

circumference around the widest biceps muscle and the forearm circumference (13) is132

the circumference around the widest forearm muscle. The wrist circumference (14) is133

measured at the wrist section.134

Concerning the lower extremities, the thigh length (16) is the distance between the135

crotch and the horizontal plane of the knee section (19) and the leg length (17) is the136

distance between the crotch and the horizontal plane of the ankle section (21).137
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The thigh circumference (18) is the circumference around the widest section of138

the quadriceps muscle. The knee circumference (19) is the circumference in the patella139

section. The calf circumference (20) is the circumference around the widest horizontal140

section of the calf muscle. The ankle circumference (21) is the circumference around the141

ankle section.142

2.3. Data analysis143

The subject-specific clothing industry dimensions were measured and analyzed for144

each of the four population groups including the Czech children, the Czech teens, the145

Czech adults and the Chinese adults. For each dimension, the minimum value, the mean146

value and the maximum value were calculated. The standard deviation for assessing the147

variation within the group completed the analysis.148

Each subject-specific dimension was compared to its counterpart in the average149

anthropometry for the particular population group, which is obtained by scaling the150

reference model to the particular subject. The scaling of the reference model to the151

subject-specific human body model was based on gender, age, height and weight using152

the previously developed and published algorithm [7,22].153

The variation of the subject-specific dimensions from the average anthropometry154

in the particular population group was calculated as the average difference of all 23155

clothing industry dimensions between the scaled anthropometry and the measured156

subject. The dimensions corresponding to the pair segments (the upper and the lower157

extremities) were addressed only once for the variation calculation.158

2.3.1. Reference model159

The reference model is a previously developed and published virtual biomechanical160

human body model [22] already implemented in a computational environment for161

assessing the risk of injury during an impact. Figure 2 shows the reference model162

representing an average human body based on the CEASAR database [16] corresponding163

to the hardware dummies Hybrid III and THOR-50M used for vehicle frontal crash164

testing [23].165

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 deformable166

segments, performing in a short calculation time, and it is validated as being robust and167

biofidelic, meaning it converges for complex loading patterns (multi-directional) and has168

the correct mass distribution, stiffness and biomechanical behavior. As the dynamical169

simulation uses finite element discretization, each segment of the model is discretized170

by nodes forming elements to cover the external surface. Additionally, there are internal171

free nodes inside each segment to define the center of gravity, principal inertial axis and172

joint locations.173

2.4. Personalization174

The personalization method developed in the paper upgrades the existing scaling175

algorithm [7] by addressing the measured clothing industry dimensions to the firstly176

scaled reference body model shown in Figure 2 and so it develops a subject-specific vir-177

tual human body model. The algorithm benefits from the implementation of the clothing178

industry dimensions that are essential to design comfortable PPE. The presented person-179

alization approach needs only basic subject-specific clothing industry dimensions, which180

are usually available and simply measurable. The external body shape is personalized181

using polynomial functions to secure the continuous and smooth body surface, which is182

desired mainly for applications where the human body comes into contact with other183

subjects or external objects.184

2.5. Personalization algorithm185

The personalization provides the local geometrical and biomechanical details of the186

human body. Firstly, the scaling [7] is done for each subject to target the given gender,187

age, height and weight. Having the scaled model, the personalization to provide correct188

anthropometric dimensions is carried out. The two-step approach is described as189

T = S + P

T(X) = S(X) + ∆S(X) (1)

XT = XS + ∆XS

meaning T (target) equals S (scaling) plus P (personalization) where XT describes the190

coordinates of any point of the subject-specific (target) model referring to the same191

point X in the reference model, which is firstly scaled to a semi-state XS in the scaled192

model. We refer X to a spatial point in the global coordinate system with the origin in193

the H-point (the point in the middle between the hip joints) with the axis x (defining194

the depth) pointing anteriorly to the front. The sagittal plane is the plane xz (the axis195

z defining the height points cranially to the head) and the axis y (defining the width)196

directs laterally from the right to the left forming the right-hand side system.197

Personalization is the next step after scaling. Scaling is a necessary step to have198

a model with global dimensions for the particular human body size before applying199

the mathematical operation to refine the surface locally. As the scaling algorithm was200

published previously, this paper will not address it, referring to the work by [7]. For per-201

sonalization purposes, the scaled model is divided into segments summarized in Table 2202

and schematically shown in Figure 3. Each segment can be described by the anthropo-203

metric dimensions from Table 2 displayed in Figure 1. The personalization algorithm204

runs independently of each of the 16 subject-specific segments defined in Table 3.205
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Table 3. Segment numbers. Numbering of segments for personalization algorithm equations.

Segment Left Right

Head 3
Neck 2

Thorax 1
Abdomen 0

Arm 4 7
Forearm 5 8

Palm 6 9
Thigh 10 13
Calf 11 14
Foot 12 15

using the corresponding dimensions from Table 2. There is a reference node Xs
S0 chosen206

on each segment as a local coordinate system origin, against which it is personalized, and207

which also serves to connect the neighboring segments following the open-tree segment208

system in the multi-body structure. It is usually the joint connecting the neighboring209

segments [22]. The personalization benefits from the open-tree structure hierarchy, so210

the base body (to be personalized first) is the abdomen followed by the thorax, neck211

and head upwards and the left and right thighs, the left and right calves and the left212

and right feet downwards. The thorax is followed by the left and right arms, left and213

right forearms and left and right palms. The reference model stands upright so that the214

local coordinate systems of all segments are aligned to the global coordinate system. The215

geometry and shape of a particular segment is given by the reference model, see Figure216

2.217

Th
ig
h

Ca
lf

Foot

Ar
m

Fo
re
ar
m

Head

Neck

Thorax

Abdomen
Pelvis Ha

nd

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

Any node Xs
Si, i ∈ {1, . . . , m} (m being the numbers of nodes on the segment s) on218

the scaled model S is personalized as219

Xs
Ti = Rs(Xs

Si − Xs
S0) + Xs

S0 (2)

where Xs
Ti is the personalized node on target model T and Rs = Rs(X) is the transforma-220

tion matrix for particular segment s depending on the spatial node position X. Although221

the personalization in Equation 2 holds for all segments, the transformation matrix Rs
222

contains the local scaling (personalization) coefficients to personalize particular segment223

s ∈ {0, . . . , 15} numbered according to Table 3. For each segment s ∈ {0, . . . , 15}, Rs is224

a diagonal matrix with the space dependent personalization coefficients in the global225

coordinate system, so that226
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Rs =

ps
x(X) 0 0
0 ps

y(X) 0
0 0 ps

z(X)

 (3)

where ps
i for i ∈ {x, y, z} are the personalization coefficients at location X in the global227

coordinate system for segment s. We use polynomials of degree ns
i in the form228

ps
i (i) =

ns
i

∑
k=0

cs
ikik = Ps

i (Dj1 , . . . , Djns+1) (4)

to interpolate the personalization coefficient along each axis i ∈ {x, y, z}. Lower index jr229

for r ∈ {1, . . . , ns + 1} is chosen from set {1, . . . , 23} as numbered according to Table 2.230

Vector cs
i =

[
cs

i0, . . . , cs
in
]

contains the polynomial coefficients for segment s ∈ {0, . . . , 15}231

in direction i ∈ {x, y, z}. Generally, indication P(Dj1 , . . . , Djn+1) means the interpolation232

polynomial of degree n interpolating personalization coefficient as the ratios of n + 1233

anthropometric dimensions (see Figure 1) as234

Dj =
(j)T
(j)S

(5)

where lower indexes T and S mean target (personalized) and scaled dimensions, respec-235

tively, and j ∈ {1, . . . , 23} is the dimension number as numbered according to Table 2236

and shown in Figure 1. For simplification in the further text, we indicate the personal-237

ization coefficient Dj = j. Particularly for example 15 means the neck circumference238

and 17–16 means the calf height (as it must be calculated by subtracting the thigh length239

from the leg length). For example, polynomial P(23) indicates a constant polynomial240

calculated as the ratio241

(23)T
(23)S

, (6)

polynomial P(17–16) indicates a constant polynomial calculated as the ratio242

(17)T − (16)T
(17)S − (16)S

, (7)

polynomial P(13,14) indicates a linear polynomial interpolating the personalization243

coefficient between points244

(13)T
(13)S

,
(14)T
(14)S

, (8)

and polynomial P(6,7,3,4,5) indicates a polynomial of degree 4 interpolating the person-245

alization coefficient between points246

(6)T
(6)S

,
(7)T
(7)S

,
(3)T
(3)S

,
(4)T
(4)S

,
(5)T
(5)S

. (9)

The polynomial interpolation might suffer from inaccuracy and unrealistic over-247

shoots in the polynomial shape if we interpolate incomparable values, which is why the248

scaling is carried out in the first step to approach the target shape, which is refined by249

personalization.250

For each segment, we firstly personalize the height based on the vertical dimensions251

(1), (8), (9), (10), (11), (16), (17) and (22) as shown in Figure 1 by means numbering252

according to Table 2. The height of each segment is personalized constantly, meaning253

that254

ps
z(X) = P(Dj) (10)
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is the constant personalization coefficient for the particular segment height.255

The frontal (segment depth) and lateral (segment width) personalization depends on256

the circumference dimension of the particular segment. The circumference dimensions257

are (2), (3), (4), (5), (12), (13), (14), (15), (18), (19), (20), (21) and (23) as shown in Figure258

1 by means of numbering according to Table 2. As many segments are described by259

circumference at the different horizontal location, the polynomials of the degree n > 0260

interpolate the personalization coefficient along axes x and y depending on axis z, which261

leads to the exact circumferences according to Figure 1 in the personalized model, so262

ps
i = Ps

i (D1, . . . , Dns+1) (11)

where i ∈ {x, y} and ns is the polynomial degree. We use the same polynomial degree ns
263

for axes x and y for segment s, because the polynomials are formed by the same number264

of circumference dimensions for each segment.265

Figure 1 also defines additional width dimensions, particularly (6) and (10), which266

are useful as additional measures for personalization. The personalization of each267

segment is described in detail in the following paragraphs.268

2.5.1. Abdomen269

The abdomen is the reference segment to be personalized first after the scaling. The270

reference point is the H-point. According to Figure 1, the height is personalized by a271

constant coefficient calculated as the ratio (between the target and scaled models) of272

the abdominal height (22), from which we subtract the length from the crotch to the273

ankle (17) and the ankle height (51). (51) is a new dimension, which is not addressed274

in the clothing industry, so we take it from the scaled model. As the abdomen and the275

thorax form a continuous segment, the polynomials interpolating the personalization276

coefficient in depth and width are formed together along the abdomen and the thoracic277

height. They are of degree 4 as they address 5 circumference dimensions. The depth is278

personalized along axis z from the hip circumference at the widest point (5) over the279

waist circumference at the point of trousers (4), the waist circumference at the narrowest280

point (3), the thoracic circumference at the widest point (7) to the neck circumference281

(15), where the neck circumference seems to be a good measure for the upper thoracic282

depth. The width is personalized along axis z from the hip circumference at the widest283

point (5) over the waist circumference at the point of trousers (4), the waist circumference284

at the narrowest point (3), the back width (7) to the shoulder width (6).285

2.5.2. Thorax286

The thorax follows the abdomen at the joint between vertebrae T12 and L1 [20],287

which is also the reference point. As the thorax height is defined by 2 dimensions in the288

sternum and on the back, the height is personalized linearly between the front length289

from neck to waist (8) and the back length from neck to waist (9) according to Figure 1.290

The depth and width are personalized using the same polynomials as for the abdomen.291

2.5.3. Neck292

The neck follows the thoracic at the joint between vertebrae C7 and T1 [20], which is293

also the reference point. According to Figure 1, the height is personalized by a constant294

coefficient calculated as the ratio of the total body height without shoes (1), from which295

we subtract the back length from neck to waist (9) and the abdominal height (22). As296

height 1–9–22 is the total height of the neck and the head, the same personalization297

coefficient is used for the head height. The depth is personalized by a constant coefficient298

using the neck circumference (5). The width is personalized along axis z from the bottom299

neck using the neck circumference (15) over the neck circumference (15) to the head,300

where the personalization coefficient holds the neck circumference ratio (15). 62 is a new301

dimension, which is not addressed in the clothing industry, so we take it as the double302

shoulder length (10) subtracted from the back width (6).303
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2.5.4. Head304

The head follows the neck at the clivus [20]. As height 1–9–22 is the total height of305

the neck and the head, the same personalization coefficient is used for the head height.306

The height personalization uses the same personalization coefficient as the neck uses.307

The head size is not typically measured for the means of the clothing industry, so the308

coefficients are missing. Therefore, the depth and width are personalized by a constant309

coefficient using the head circumference (23), which is measured.310

2.5.5. Arm311

The arm follows the thorax in the shoulder joint [20]. The height (actually the312

length of the arm) is personalized using a constant coefficient defined by subtracting313

the shoulder length (10) from the sleeve length from neck to wrist (11). The depth314

is personalized by a parabolic polynomial based on the arm circumference (12). The315

polynomial holds the arm circumference ratio (12) in the elbow and the thoracic width316

ratio (6) at its height, which brings a realistic shape of the personalized arm. The width317

is personalized by a constant coefficient based on the arm circumference (12).318

2.5.6. Forearm319

The forearm follows the arm at the elbow joint [20]. The height personalization320

uses the same personalization coefficient as the arm uses. The depth and width are321

personalized using the same linear polynomials interpolating the ratios between the322

forearm circumference (13) and the wrist circumference (14).323

2.5.7. Palm324

As the palm is not typically measured in the clothing industry and its small size,325

mass and inertial effects do not influence any dynamical action considerably, the palm326

is not personalized and only the dimensions raising from of the scaling are taken into327

account.328

2.5.8. Thigh329

The thigh follows the abdomen in the hip joint [20]. According to Figure 1, the height330

is personalized by a constant coefficient addressing the ratio of the length from crotch331

to knee (16). The depth and width are personalized using the same cubic polynomials332

interpolating the ratios between the hip circumference at the widest point (5), the thigh333

circumference (18) and the knee circumference (19).334

2.5.9. Calf335

The calf follows the thigh in the knee joint [20]. The height is personalized by a336

constant coefficient defined by subtracting the length from the crotch to the knee (16)337

from the length from the crotch to the ankle (17). The depth and width are person-338

alized linearly using the same polynomials interpolating the ratios between the calf339

circumference (20) and the ankle circumference (21).340

2.5.10. Foot341

The foot follows the calf in the hip ankle joint [20]. As the foot is not typically342

measured in the clothing industry and its small size, mass and inertial effects do not343

considerably influence any dynamical action, the foot is not personalized and only the344

dimensions raising from of the scaling are taken into account.345

As the human body is expected to be symmetric, the personalization of left and346

right arms, forearms, palms, thighs, calves and feet is the same. Table 4 summarizes the347

personalization of all segments using the polynomial interpolation of the personalization348

coefficients along coordinate axes.349
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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(8,9) 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(5,4,3,7,15) P(5) P(23) P(72, 12,12) P(13,14) 1 P(5,18,19) P(20,21) 1

Width P(5,4,3,52,6) P(5,4,3,52,6) P(62,15,15) P(23) P(12) P(13,14) 1 P(5,18,19) P(20,21) 1

As the reference human body model is developed for dynamical analysis, the last350

step is updating the masses and inertias of the particular segments concerning the shape351

change as well as the ranges of the particular joints concerning the age using the same352

approach as described and published by [7].353

The personalization process is implemented in Python. The Python script first354

reads the structure of the reference model as the finite element model [22]. The structure355

concerns the multi-body system, which separated the particular segments and their356

nodes representing the geometry into rigid bodies. The next step is the scaling of nodal357

coordinates and updating the stiffness of the joints, which is is updated independently358

using the approach previously developed and published [7,25].359

After the scaling of each segment, the personalization runs. Then, the segment360

masses and inertia are re-calculated based on the particular segment volume and shape361

change using the approaches previously developed and published [7]. After that, the362

segments are connected back together, as the volume and shape changes affected the363

location of joints. Finally, the new model is saved using the updated nodal coordinates,364

rigid bodies and joints. The joint stiffness is updated in parallel. The elements defining365

the body surface are kept as they follow the change of their nodal coordinates. The366

process flowchart is as follows:367

1. Read reference model.368

2. Scale reference model.369

(a) Scale nodal coordinates [7].370

(b) Update joint stiffness [7,25].371

3. Personalize scaled model.372

(a) Personalize nodal coordinates according to Equation 2.373

(b) Re-calculate mass and inertia [7].374

4. Save personalized model.375

The optimization loop is illustrated in Appendix A as a flowchart.376

3. Results377

The clothing industry dimensions for the four groups of Czech children, Czech378

teens, Czech adults and Chinese adults were measured and analyzed. Besides the379

clothing industry dimensions, the age (a) in years and the total weight (m) in kilograms380

of each subject were reported. The analysis concerned each particular population group381

(all) as well as the subgroups of males and females. Table 5 shows the mean values and382

the standard deviations, Table 6 shows the minimum and the maximum values. The383

standard deviation assesses the variation within the group.384
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Table 5. Average dimensions. Mean value (⊘) and the standard deviation (σ) for each dimension
(d). Average (⊘) and standard deviation (σ) 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 (∧) and maximum values (∨) 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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All the measured subjects were reconstructed by scaling using the previously devel-385

oped and published scaling algorithm [7] and the reference model [22]. The following386

figures compare the subject-specific dimensions obtained by scaling for different groups387

of subjects. Particular dimensions from Figure 1 are calculated based on the scaled388

reference model. The scaling variance is calculated as the average difference of all 23389
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personalized dimensions between the scaled model and the measured subject. The pair390

segments are addressed only once.391

The average variations and the standard deviations for the group of 70 Czech adults392

are displayed in Figure 4, the group of 32 Czech teens in Figure 5, the group of 50 Czech393

children in Figure 6 and the group of 68 Chinese adults in Figure 7.394

Figure 4. Czech adults. Average variations and the standard deviations.

Figure 5. Czech teens. Average variations and the standard deviations.

Figure 6. Czech children. Average variations and the standard deviations.
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Figure 7. Chinese adults. Average variations and the standard deviations.

Based on the developed personalization algorithm, representatives of the particular395

population groups are displayed further. The personalization process is shown on396

Figure 8 using the model personalized in Figure 9. Firstly, the reference model shown in397

the left is scaled to became the scaled model, which is shown in the middle. The scaling398

algorithm updates the general dimensions and anthropometry, which is refined by the399

personalization leading to the correct model. Figure 9 concerns a 6-year old girl with a400

height of 118 cm and a mass equal to 19 kg from the Czech population group. Figure401

10 concerns a 10-year old boy with a height of 144 cm and a mass equal to 35 kg from402

the Czech population group. Figure 11 concerns a 14-year old girl with a height of 160403

cm and a mass equal to 46 kg from the Czech population group. Figure 12 concerns a404

19-year old female with a height of 158 cm and a mass equal to 46 kg from the Czech405

population group. Figure 13 concerns a 45-year old male with a height of 176 cm and a406

mass equal to 85 kg from the Czech population group. Figure 14 concerns a 45-year old407

female with a height of 164 cm and a mass equal to 63 kg from the Czech population408

group. Figure 15 concerns a 28-year old female with a height of 165 cm and a mass equal409

to 50 kg from the Chinese population group.410

The displayed models are set to scale so that they can be compared with each other.411

By nature of the personalization algorithm targeting the particular dimensions from412

Table 2, the developed subject-specific virtual human body models fit to their real subject413

by those dimensions.414
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S
⇒

P
⇒

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.

Figure 14. Subject-specific Czech adult model. Female, 45 years, 164 cm, 63 kg. Front (left), side
(middle) and back (right) views.
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Figure 15. Subject-specific Chinese adult model. Female, 28 years, 165 cm, 50 kg. Front (left), side
(middle) and back (right) views.

4. Discussion415

The presented study shows the variations of the subject-specific anthropometric416

dimensions from the average for different population groups in the Czech Republic417

and China as a background for the need for personalized human body models. The418

study shows variations in all dimensions except the total height, as it is one of the basic419

parameters for anthropometric modeling.420

The variation of the Czech adults from the average (Figure 4) is the lowest in all421

groups and is around 7.54 % (8.2 % for males and 6.9 % for females). This is probably422

caused by the fact that the reference model is an average European subject, which is423

close to the adult anthropometric group. The greatest variation is in the shoulder width424

(6) followed by the wrist circumference (14) and the frontal shoulder height (8). The425

great variation in the thoracic circumferences and the frontal thoracic height is probably426

caused due to the fact that the real shape distribution can be affected by the muscle427

mass or the breast size of the particular subject. The lowest variation is in the knee428

circumference (19) followed by the arm circumference (12) and the hip circumference (5)429

meaning that those dimensions can be well described by average anthropometry.430

Decreasing the age, there is a slightly greater variation equal to 7.93 % (8.15 % for431

males and 7.9 % for females) for the Czech teens (Figure 5). The teens, as well as the432

adults, are well described by the average European subject. The greatest variation here is433

again in the shoulder width (6), followed by the wrist circumference (14) and the frontal434

thoracic height (8). Again, all these measures can be affected by muscle mass. The lowest435

variation is in the knee circumference (19) followed by the waist circumference (4) and436

the abdominal circumference (3).437

The average variation for the Czech children (Figure 6) equals 9.52 % (9.57 %438

for males and 9.49 % for females). Here the variation is greater as the children have439

different anthropometry and segment proportions compared to the adults. However,440

the variation is not so great with the biggest in the wrist circumference (14) followed by441

the shoulder width (6) and the ankle circumference (21). The lowest variation is in the442

head circumference (23) followed by the shoulder length (10) and the thigh length (16).443

The greatest average variation is seen in the group of Chinese adults (Figure 7) and444

is equal to 10.86 % (13.8 % for males and 8.16 % for females). This average variation is445

even greater than in the case of the Czech children, meaning the different anthropometric446

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

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


Version September 16, 2021 submitted to Appl. Sci. 20 of 22

proportions in the population. The standard deviation shows considerable differences447

even inside the group. The Chinese anthropometry is different from the European one,448

which causes the variation in dimensions average. The greatest variation is in the wrist449

circumference (14) followed by the frontal thoracic height (8) and the back thoracic450

height (9). The lowest variation is in the chest circumference (2) followed by the neck451

circumference (15) and the thigh circumference (16).452

In general, for all groups, the variation is over the average for males, whilst females453

report variation under the average. This is probably caused by the anthropometric454

reference model, which represents both male and female groups, where males are455

usually more robust compared to females. The lowest variation is usually reached at456

dimensions which are not affected by the local musculature too much.457

The personalized models, which provide the correct anthropometric dimensions,458

are based on the reference model surface mesh, where the problem of so-called down-459

scaling occurs. This limitation of the study does not affect any dynamical calculation,460

however, the future development plans a remeshing of particular body parts. Another461

limitation of the study is that it focused only on limited groups in two territories. Even462

with such a limitation, the study proved the variation of the particular anthropometric463

dimensions, which might cause inaccuracy in virtual prototyping when developing PPE464

and passive safety measures.465

5. Conclusion466

The current paper provides a measurement of 23 major clothing industry dimen-467

sions on 220 human subjects including children, teens and adults in the Czech Republic468

and China. The number of Czech subjects was 152, ranging in age from 6 to 56 years.469

Additional measurements on 68 Chinese adults ranging in age from 24 to 60 years were470

carried out. The males and females were equally represented.471

Using a single reference model, the subject-specific human body model is developed.472

On each subject, the scaling procedure was carried out to develop the generic scaled473

model related to the particular gender, age, height and weight. The anthropometric474

dimensions adopted from the clothing industry were compared to the measured ones.475

Measured subjects report variations in clothing industry dimensions when compared476

to an average subject of the same age. The cumulative variation of clothing industry477

dimensions increases the farer the population group from the average. The Czech478

subjects show lower variance than the Chinese subjects as the reference model is from479

the European database.480

The study proves the variation of the particular anthropometric dimensions by481

comparison to the average anthropometric data, which might cause inaccuracies in482

virtual prototyping when developing PPE. Taking the results of the study into account,483

the development of personal protective systems should adopt the subject-specific models484

due to the variations from the average. So, the personalization algorithm to develop485

a subject-specific biomechanical human body model was developed and the chosen486

subjects from the anthropometric study are shown by means of their personalized487

models.488

Scaling is a convenient tool for creating generic human body models representing a489

population group for virtual prototyping, such as developing safety systems in mobility490

or PPE. Modern technologies enable personalized products to be designed, so if we want491

to address a subject-specific approach for designing PPE, personalization refines the492

model towards the subject-specific anthropometry.493
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Appendix A. Iteration process flowchart520

START

     Read reference
model

Scaling process:
Scale nodal coordinates

Update joint stiffness

Personalization process:
Personalize scaled model

Re-calculate mass and inertia

END

     Save personalized
model

521
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