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Abstract

In this study, we analyze scan data from women and men collected in the sizing campaign “Size
NorthAmerica”. Our goal is to find regularities between the sizes, proportions, and shapes of the human
body, and we pursue the thesis that body size and weight systematically influence human physiology
and biomechanics. In order to make the results usable for applications in occupational physiology,
ergonomics, clothing industry, medicine, and sports physiology, we summarize the data in
anthropometric scale models that describe the distribution of body measures for women and men of
different lengths and weights. The results show that the volume and width-to-length ratio of various
body segments systematically change with body length and weight, which must be considered when
designing bandages and orthoses. In addition, we are conducting a numerical experiment to investigate
the influence of body size on temperature regulation. This reveals that people of different sizes have
different requirements in terms of ambient temperature, which must be considered in areas such as air
conditioning or clothing design.

Keywords: Digital anthropometry, anthropometric studies, ergonomics, body measurement, sizing
campaigns, applications in sports, health and fithess, medical diagnostics and therapy

1. Introduction

Detailed knowledge of body measures and their distribution is of major economic importance, not only
in the clothing industry, where body measures are used to calculate clothing sizes, but also in the
development of ergonomic equipment, tools, human-machine interfaces, or vehicles, and thus in the
optimization of work processes, working conditions, spaces for movements, fields for vision, reachability,
and handling forces with the aim of productive, healthy, and sustainable work [1, 2, 3]. In addition,
anthropometric methods are becoming increasingly important in the field of medical diagnosis and
therapy, as exemplified by the NAKO Health Study, which for the first time investigates correlations
between girth of waist and hip and cardiovascular disease (CVD), metabolic disease (MetD),
cardiometabolic disease (CMD), or cancer [4].

The girth of waist and hip also correlate with abdominal and gluteofemoral fat mass, and for this reason,
anthropometric methods are increasingly being used in body fat analysis, for example in addition to
magnetic resonance imaging (MRI) [5], ultrasound, or bioelectrical impedance analysis [6]. Research
in this field is of great social relevance, as in 2016, 59% of the adult population in Europe was overweight
or obese [7], meaning that the prevalence of overweight and obesity has reached epidemic proportions.
By definition, people with a body mass index greater than approximately 25 kg m2 are considered
overweight and those with a BMI greater than approximately 30 kg m are considered obese. However,
BMI does not differentiate between muscle tissue, subcutaneous adipose tissue (SAT), and visceral
adipose tissue (VAT) [8, 9]. There is a great need for research in this area and a wide field of application
for anthropometric methods. The same applies to research on the influence of age [10], ethnicity [11],
fitness, gender [12, 13], and body length on metabolism, not only in connection with anorexia and
obesity, but also with temperature regulation [14].

Anthropometric applications also exist in research into phlebological, lymphological, and orthopedic
diseases, and in the treatment of these diseases through the design and manufacture of precisely fitting
and functioning bandages and orthoses. Further anthropometric applications exist in the field of smart
textiles and in the monitoring of vital functions [15, 16, 17, 18]. In some cases, it may not even be
necessary to remeasure people, as scan data from approximately 45 thousand people in the US,
Canada, Germany, ltaly, and China is already available [19]. However, analyzing such scan data
requires models that mathematically represent the regularities of weights, sizes, proportions, and
shapes for healthy and sick people. Such models are being developed as part of this study.
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2. Body measures

The data is based on the sizing campaign “Size North America”, conducted by Humanetics (formerly
Avalution and Human Solutions) in the United States and Canada from 2016 to 2019. The Vitus Smart
XXL body scanner and Anthroscan software were used. A representative selection was made of 72
adult women with a body weight (mp) between 44.4 and 95.6 kilograms (average 72.5 kilograms) and
72 adult men with a body weight between 48.0 and 124.6 kilograms (average 80.0 kilograms). The
women and men were between approximately 20 and 60 years of age. Six characteristic body mass
indices (BMI) of 16, 19, 22, 25, 30, and 35 kg m2 were considered, covering the wide range from
severely underweight to obese. For each of the body mass indices mentioned, 12 women and 12 men
are selected who differ in body weight (mp) and body length (Ib). On average, the body mass index for
the women examined is 25.1 kg m2 and for the men examined 25.5 kg m=2.

The scan data is used to generate individual and statistical avatars using Anthroscan software. In a first
analysis step, 21 body measure are derived from the individual avatars, which are shown in Figure 1
sorted by size. Shoulder width (wsn), girth of wrist (gwr), and waist-hip distance (lwa+i) average less than
20 centimeters. The distance between the bust points (wsrp) and the distance between the neck and
chest points (Inesp) average 20 to 30 centimeters. The girth of the upper arm (guar), neck (gmne), calf
(geca), and knee (gkn) average 30 to 40 centimeters. The back width (wea) and neck-waist length (lenewsa)
average around 40 centimeters. The thigh girth (gm) is around 60 centimeters and is the only body
measure in this comparison for which women have higher average values than men. The arm length
(Iar) averages about 60 centimeters and the inseam (lcr) about 80 centimeters. The girth of waist (gwa)
and underbust (guch) average less than 90 centimeters only for women. In contrast, the girth of hip (gni)
averages over 100 centimeters for both women and men. The waist length (lwas) averages 107
centimeters for women and 111 centimeters for men. The body length (I) averages 170 centimeters for
women and 177 centimeters for men.
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Fig. 1. Various body measures (mean and range) of 72 women and 72 men.

Figure 1 becomes very informative when analyzing the ranges. For body length (Iv), the range for
women is between 153.1 and 181.8 centimeters and for men between 162.3 and 190.1 centimeters. In
both cases, the range is therefore approximately 28 centimeters. In contrast, the range for the girth of
waist (gwa), mid-hip (gmni), and chest (gcn) is over 50 centimeters, and the range for the girth of
underbust (guch), hip (gni), and thigh (gm) is also significantly greater than the range for body length (lv).
In addition, the girth measures of thigh and trunk correlate linearly with the body mass index. The girth
of thigh (gm) increases comparatively the least, by an average of about 1.1 centimeters per body mass
index value, and the girth of waist (gwa) increases the most, by 2.4 centimeters per body mass index
value. For the other body measurements shown in Figure 1, the range is, in some cases, considerably
smaller than for body length (lv). Overall, the analysis shows that individual body measures change very
differently with body length and weight, and that the length-to-width ratio of the torso and thighs changes
systematically with body mass index (BMI), which is of great importance for the design of precisely
fitting and functioning clothing, compression garments, bandages, and orthoses.
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Fig. 2. Correlations between different body measures.

In a further analysis procedure, the volumes and surfaces of the individual avatars are determined. The
avatar volume (Ving) varies between 45.5 and 99.6 liters (average 74.6 liters) for women and between
49.4 and 126.9 liters (average 81.3 liters) for men. The avatar volume (Ving) correlates linearly with body
weight (mo), with the average avatar volume (Vind) being 3 percent (Figure 2.1) larger than body weight
(mb) in women and 2 percent (Figure 2.2) larger in men, with the consequence that the body density
(pp) of women and men is on average less than 1.00 g cm=. Only 2 out of 72 women and 13 out of 72
men have a body density (p») equal to or greater than 1.00 g cm. There is no correlation between body
density (pv) and body mass index for the data set considered.

The avatar surface (Aind) varies between 1.39 and 2.03 square meters (average 1.78 square meters)
for women and between 1.52 and 2.32 square meters (average 1.89 square meters) for men. The avatar
surface (Aind) correlates linearly with the body surface (Aps), which is calculated using DuBois' formula
[20] based on body length (lIb) and body weight (mb). On average, the avatar surface (Aing) is 3 percent
smaller for women (Figure 2.3) and 4 percent smaller for men (Figure 2.4) than the body surface area
according to DuBois (Aps). On average, the DuBois formula overestimates the avatar surface area (Aind)
by a maximum of 2017 square centimeters for men and 1677 square centimeters for women. Only three
women and one man have an avatar surface area (Aind) that is larger than the body surface area
according to DuBois (Aps).

In Figure 2.5 and Figure 2.6, the relative body surface area (Aindmb) is calculated by dividing the avatar
surface (Aind) by the body weight (my). Related to one kilogram of body weight (mb), this results in a
body surface area (Aind) between 197 and 314 square centimeters (average 248 cm? kg') for women
and between 186 and 316 square centimeters (average 241 cm? kg™) for men. The relative body surface
area (Ainamp) correlates nonlinearly and inversely with the body mass index (BMI). Based on one
kilogram of body weight (mb), women (Figure 2.5) and men (Figure 2.6) with a body mass index (BMI)
of less than 20 have a relative body surface area (Aindmb) of partly more than 300 square centimeters
per kilogram body weight (mp). In contrast, women and men with a body mass index (BMI) greater than
35 have a relative body surface area (Ainamb) of less than 200 square centimeters per kilogram of body
weight (mp) in some cases.

3. Proportions

In a further analysis process, the individual avatars are segmented and body volume (Vind) and body
surface (Aind) are determined for each body segment separately. Figure 3 shows the volume of different
body segments sorted by size. The volume of the right and left body segments on the arms and legs is
combined, i.e., added together. Figure 3 (left) shows the absolute volume in liters. It amounts to 0.2 to
1.0 liters for both hands (Vha) 1.1 to 3.2 liters for both feet (Vro), 1.0 to 3.5 liters for both forearms (Viar),
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1.8 to 5.9 liters for both upper arms (Vuar), 3.4 to 5.9 liters for the head (VHea), 3.8 to 9.5 liters for both
calves (Vca), 9.0 to 23.4 liters for both thighs (V), and 24 to 80 liters for the torso (Vo). Figure 3 (right)
shows the relative volume of the body segments as a percentage of the total body volume (Vind). Both
hands (Vha), feet (Vro) and forearms (Viar) usually account for less than 5 percent, both upper arms
(Vuar), head (Vhea), and both calves (Vca) account for between 5 and 10 percent, both thighs (Vn)
account for between 15 and 25 percent, and the torso (V1) accounts for between 50 and 65 percent.
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Fig. 3. Absolute (left) and relative (right) volume of different body segments (mean value and range).

We calculate the surface area of the body segments in Figure 4 by multiplying the body surface (Aind)
by the relative proportion of the body volume in Figure 3 (right). The surface area of the body segments
amounts to 46 to 179 square centimeters for both hands (Ara), 0,02 to 0,07 square meters for both feet
(Aro), 0,03 to 0,07 square meters for both forearms (Asar), 0,05 to 0,12 square meters for both upper
arms (Auar), 0,08 to 0,14 square meters for the head (Anea), 0,10 to 0,20 square meters for both calves
(Aca), 0,26 to 0,46 square meters for both thighs (Am), and 0,73 to 1,46 square meters for the torso
(ATo). The direct derivation of the body segment surface area from the individual avatars is currently in
progress. The comparison will show whether and to what extent similar or different body segment
proportions result for volume and surface area.
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Fig. 4. Surface area of various body segments (mean value and range).
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4. Temperature regulation

Calorimetry, and thus the experimental determination of metabolism and heat, dates back to the 18th
century and to the scientists Fahrenheit [21], Celsius [22], and Lavoisier [23], with calorimetric methods
continuing to evolve in terms of type and accuracy to this day [24]. In the 19th century, calorimetric
measurements were performed on animals [25, 26, 27] and in the first half of the 20th century on resting
[28, 29, 30, 31] and working [32, 33, 34, 35, 36] people. With the development of the respirometer in
1940 [37], the number of studies multiplied, so that by 1960 at the latest, detailed knowledge of human
performance (Pp) was available [38], which is now available in standards [39].

According to this, the power (Pb) of resting people averages about 1 watt per kilogram of body weight
(mb), with the consequence that body temperature (Tv) rises by about 1 Kelvin per hour regardless of
body weight (mb). At the same time, resting people emit about 10 watts of infrared radiation per square
meter and Kelvin through their skin [40, 41]. Thus, heat emission (Emr) depends on the specific body
surface (Abmb), which varies between approximately 200 and 300 square centimeters per kilogram body
weight (mpb) in women (Figure 2.5) and men (Figure 2.6).

Resting people with a small specific body surface (Asmb) of 200 square centimeters per kilogram body
weight (mo) are therefore in thermal balance at an ambient temperature (Ta) that is 5 Kelvin lower than
the skin temperature (Ts). In contrast, resting people with a large specific body surface (Abmp) of 300
square centimeters per kilogram body weight (mp) are in thermal balance at an ambient temperature
(Ta) that is 3.3 Kelvin lower than the skin temperature (Ts). Thermal balance means thermal comfort,
which is why ambient temperatures (Ta) of thermal balance are referred to as comfort temperatures
(Tac) [42]. For rest and an average skin temperature (Ts) of 34 degrees Celsius, the comfort temperature
(Tac) is 29.0 degrees Celsius for people with a small specific body surface (Aoms) and 30.7 degrees
Celsius for people with a large specific body surface (Aomb) (Figure 5).
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Fig. 5. Model of comfort temperatures (Tac) for unclothed people depending on body surface
area (Aoms), body mass index (BMI), activity (Py), and ambient temperature (Ta).

Therefore, the comfort temperatures (Tac) for people of different sizes differ by only 1.7 Kelvin at rest or
the corresponding specific power (Pp) of 1 watt per kilogram body weight (ms), but when the power (Pb)
increases during activity to 2 watts when sitting and standing, to 3 watts during light work, to 4 watts
during moderate work, or to 5 watts during heavy work, heat production increases proportionally, while
comfort temperatures (Tac) decrease inversely proportionally (Figure 5). For people with a small specific
body surface (Aomb), the comfort temperatures (Tac) decrease more sharply by 5.0 Kelvin per watt power
(Pp) than for people with a large specific body surface (Aomb), where the decrease is only 3.3 Kelvin per
watt of power (Pv). Therefore, the comfort temperatures for people of different sizes diverge
proportionally to the increase of activity (Pv). For heavy work and an average skin temperature (Ts) of
34 degrees Celsius, the comfort temperature (Tac) is 9.0 degrees Celsius for people with a small specific
body surface (Abomb) and 17.3 degrees Celsius for people with a large specific body surface (Aomb).
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Skin temperatures (Ts) are regulated by vasomotoric via the central nervous system in order to
compensate the thermal fluctuations in ambient temperature (Ta) and power (Pb). For this reason, skin
temperatures (Ts) do not remain constant at 34 degrees Celsius, but vary between approximately 32
and 36 degrees Celsius. In Figure 5, the range of vasomotor regulation is indicated by scatter bars. At
low specific power (Pb) of 1 or 2 watts per kilogram body weight (mp), the scatter bars overlap, which
means that the comfort temperatures resulting for people of different sizes can be compensated by
vasomotoric. This is not the case at higher power (Py) of 3, 4, or 5 watts.

5. Discussion

People with a small specific body surface (Abmb) systematically require lower comfort temperatures
(Tac) than people with a large specific body surface (Abmb). The differences are relatively small at rest,
but increase proportionally to performance (Py), and this results in different climatic requirements for
people of different sizes, which must be considered when air conditioning or designing equipment. This
applies in particular to clothing that cannot be put on or taken off at will, such as protective clothing,
bandages, or orthoses.

The specific body surface (Abmb) correlates inversely with the body mass index (BMI). Therefore, people
with a high body mass index (BMI) systematically require lower ambient temperatures (Tac) than people
with a low body mass index (BMI). This applies equally to men and women, and thus the body mass
index (BMI) appears to have a greater influence on temperature regulation than gender. However,
physiological studies have not yet been conducted primarily from an anthropometric perspective. There
is a need for research in this area.

When considering temperature regulation, the left and right segments of arms and legs must be
considered together, but when designing bandages or orthoses, they must be considered individually.
The volume of those body segments varies by a factor of approximately 3 depending on body weight
(mo) and body length (lb). Thus, individual hands have a volume of approximately 0.2 to 0.5 liters,
individual feet approximately 0.5 to 1.6 liters, individual forearms approximately 0.5 to 1.7 liters,
individual upper arms approximately 0.9 to 3.0 liters, individual calves approximately 1.9 to 4.7 liters,
and individual thighs approximately 4.5 to 11.7 liters. In addition, the width-to-length ratio of the thighs
and torso changes with body weight (mp) and body length (lb). Nevertheless, body size is often not
considered when designing bandages and orthoses. There is a need for research in this area and a
wide field of application for the knitting industry. It would be conceivable to develop mathematic models
that correlate compression classes with the body volume to be compressed [43].

DuBois' relatively simple formula overestimates the body surface area of the women and men examined
by up to 0,20 square meters, whereby deviations between the body surface (Aos) according to DuBois
and the body surface of individual avatars (Aind) need to be described more precisely in further analyses.
In addition, models need to be developed to calculate the surface area of individual body segments on
the basis of body weight (mb) and body length (In).

Muscle tissue has a higher density than fatty tissue. Nevertheless, the data set examined shows no
correlation between density and body mass index (BMI). The reasons for this are probably that body
mass index (BMI) does not distinguish between skeletal tissue, muscle tissue, subcutaneous adipose
tissue (SAT), and visceral adipose tissue (VAT). Therefore, people with a low body mass index (BMI)
have a high density due to their high skeletal proportion. In contrast, muscular people have a high body
mass index (BMI) and, at the same time, a high density due to their high muscle mass. For future studies,
consideration should be given to dividing the torso body segment (V1o) into two body segments,
shoulder (Vsn) and pelvis (Vpe), in order to better distinguish between abdominal and gluteofemoral fat
mass in analyses.

References
[1] http://www.ergonomics.jp/e_index/e_outline/e_ergono-history.html.

[2] Jastrzebowski W, An outline of Ergonomics, or the Science of Work, Central Institute of Labour
Protection, Warsaw, 1997. ISBN: 83-901740-9-X or ISBN: 83-87354-59-7.

[3] https://de.wikipedia.org/wiki/Ergonomie#cite_note-1.

[4] Michael J. Stein, Beate Fischer, Anja M. Seldmeier und andere: Unterschiede in anthropo-
metrischen MaBen nach Geschlecht, Alter und Gesundheitszustand. Ergebnisse der NAKO
Gesundheitsstudie. In: Deutsches Arzteblatt. Jahrgang 121, Heft 7, 5. April 2024, S. 207-213.

#20



3DBODY.TECH Journal - International Journal of 3D Body Technologies, Vol. 2, Dec. 2025

[5] Schlecht I, Wiggermann P, Behrens G, et al.: Reproducibility and validity of ultrasound for the
measurement of visceral and subcutaneous adipose tissues. Metabolism 2014; 63: 1512-9,_
10.1016/j.metabol.2014.07.012 .

[6] Bera TK: Bioelectrical impedance methods for noninvasive health monitoring: a review. J Med
Eng 2014; 2014: 381251. https://doi.org/10.1155/2014/381251.

[7] WHO European Regional Obesity Report 2022. WHO Regional Office for Europe, Copenhagen.
2022. www.who.int/europe/publications/i/item/9789289057738, zitiert in Stein et. al.

[8] Friedman JM: Causes and control of excess body fat. Nature 2009; 459: 340-2, DOI:
10.1038/459340a, zitiert in Stein et. al.

[9] Shen W, Wang Z, Punyanita M, et al.: Adipose tissue quantification by imaging methods: a
proposed classification. Obesity Research 2003; 11: 5—16. https://doi.org/10.1038/0by.2003.3

[10] Hunter GR, Gower BA, Kane BL: Age related shift in visceral fat. Int J Body Compos Res 2010;
8: 103-8, PMID: 24834015

[11] Meyer KA, Friend S, Hannan PJ, Himes JH, Demerath EW, Neumark-Sztainer D: Ethnic variation
in body composition assessment in a sample of adolescent girls. Int J Pediatr Obes 2011; 6: 481
-90. DOI: 10.3109/17477166.2011.596841 .

[12] Karastergiou K, Smith SR, Greenberg AS, Fried SK: Sex differences in human adipose tissues -
the biology of pear shape. Biol Sex Differ 2012; 3: 13
https://link.springer.com/article/10.1186/2042-6410-3-13

[13] Fischer B, Sedimeier AM, Hartwig S, et al.: Anthropometrische Messungen in der NAKO
Gesundheitsstudie — mehr als nur GréBe und Gewicht. Bundesgesundheitsblatt
Gesundheitsforschung Gesundheitsschutz 2020; 63: 290-300.
https://link.springer.com/article/10.1007/s00103-020-03096-w

[14] Foster J, Hodder SG, Lloyd AB, Havenith G, Individual Responses to Heat Stress: Implications
for Hyperthermia and Physical Work Capacity, Front. Physiol., 11 September 2020, Sec.
Environmental, Aviation and Space Physiology, doi.org/10.3389/fphys.2020.541483.

[15] Harms H, Amft O, Tréster G: Estimating Posture-Recognition Performance in Sensing Garments
Using Geometric Wrinkle Modeling, IEEE transactions on information technology in Biomedicine,
Vol 14, No 6, November 2019.

[16] Harms H, Amft O, Tréster G: Does loose fitting matter? Predicting sensor performance in smart
garments, 2012.

[17] Baronetto A, Wassermann D, Amft O, Deep 3D body landmarks estimation for smart garment
design, EtAl, 2020.

[18] Baronette A, Wassermann D, Uhlenberg L, Amft O, Simulation of garment-embedded contact
sensor performance under motion dynamics, ISWC, Virtual conference, September 21-26, 2021.

[19] Rissiek A, Applicartion and use cases for 3D body scans from size surveys, oral prestention,
14.05.2025, DITF, Denkendorf.

[20] Du Bois, Du Bois, A formular to estimate the approximate area if height and weight be known,
Clinical calorimetry, Archives of internal medicine, 1916, p 863-871.

[21] https://de.wikipedia.org/wiki/Grad_Fahrenheit.

[22] https://de.wikipedia.org/wiki/Anders_Celsius.

[23] https://de.wikipedi a.org/wiki/Antoine_Laurent_de_Lavoisier.

[24] Bauer B, Calorimetric methods in textile development, 61. Dornbirn-GFC, 14-16 Sept. 2022.

[25] Bergmann C, Leuckart R, Anatomisch-physiologische Ubersicht des Thierreichs, Stuttgart, 1855,
p 247.

[26] Rubner M, Archiv fir Hygiene, vol 27, 1896, p 69.

[27] Voit E, Zeitschrift fir Biologie, vol 41, 1901, p 113.

[28] Lusk G, Archives of internal medicine, vol 15, 1915, p 763.

[29] Lusk G, Science of nutrition, W.B. Saunders Co. Philadelphia, 1928.

[30] Riche JA, Soderstorm GF, Archives of internal medicine, vol 15, 1915, p 805.

[31] Du Bois EF, Basal metabolism in heath and disease, Lea & Febiger, Philadelphia, 1936.

#20



3DBODY.TECH Journal - International Journal of 3D Body Technologies, Vol. 2, Dec. 2025

[32] Brezina E, Kolmer W, Uber den Energieverbrauch bei der Geharbeit unter dem Einfluss
verschiedener Geschwindigkeiten und verschiedener Belastungen, Biochemische Zeitschrift, vol
38, 1912, pp 129-158.

[33] Douglas CG, Haldane JS, Capacity of the air passages under varying physical conditions,
Journal of Physiology, vol 45, 1912, pp 235-238.

[34] Benedict FG, Murschhauser H, Energy transformation during horizontal walking, Carnegie Inst.
Wash. Pub, no 231, 1915.

[35] Atzler E, Herbst R, Arbeitsphysiologische Studien, Pfliiger’'s Arch. Ges. Physiol, vol 215, 1927,
pp 290-328.

[36] Margaria R, Sulla fisiologia, e specialmente sul consume energetico, della Marcia e della corsa a
varie velocita ed inclinazioni del terrano, Atti dei Lincei, vol 7, 1938, pp 299-368.

[37] Kofranyi E, Michaelis HF, Ein tragbarer Apparat zur Bestimmung des Gasstoffwechsels,
Arbeitsphysiologie, vol 11, 1940, pp 148-150.

[38] Passmore R, Durnin JVGA, Human Energy Expenditure, Physiol. Reviews, vol 35, no 4, 1955,
pp 801-840.

[39] ISO 8996, Egonomics of the thermal environment, Determination of metabolic rate, January
2005, 36 p.

[40] Hardy JD, Journal of clinical investigation, vol 13, 1934, p 593.

[41] Bauer B, Solar heat absorbing and reflecting fibers and textiles, oral presentation, 63. Dornbirn-
GFC, 11-13 September 2024.

[42] 1S0 7730, Ergonomie der thermischen Umgebung, Analytische Bestimmung und Interpretation
der thermischen Behaglichkeit durch Berechnung des PMV- und des PPD-Indexes und Kriterien
der lokalen thermischen Behaglichkeit, Mai 2006, 55 Seiten.

[43] Gutesicherung RAL-GZ 387/1, Medizinische Kompressionsstriimpfe, Deutsches Institut fr
Gutesicherung und Kennzeichnung e.V., Ausgabe Januar 2008.

#20





