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Abstract
Radiation accounts for a significant fraction of the human body and environment heat exchange and strongly impacts thermal 
comfort and safety. The direct radiative exchange between an individual and a source or sink can be quantified using the effec-
tive (feff) and projected radiation area factors (fp). However, these factors have not been quantified for half of the population 
of the USA with an above-average body mass index (BMI). Here, we address this gap by developing thirty male and thirty 
female computational manikin models that cover the 1 to 99 percentile variation in height and BMI of adults in the USA. 
The radiative simulations reveal that the feff and the fp angular distributions are nearly independent of gender, height, and 
BMI. Appreciable relative differences from the average models only emerge for manikins with BMI above 80th percentile. 
However, these differences only occur at low zenith angles and, in absolute terms, are small as compared to variations induced 
by, for example, the zenith angle increase. We also use the manikin set to evaluate whether the body shape impacts the quality 
of human representation with several levels of geometrical simplification. We find that the “box/peg” body representation, 
which is based on the hemispherical fp average, is independent of the body shape. In turn, the fp distributions averaged over 
the azimuth angle range, representing the rotationally symmetric humans, are only impacted to the same degree as for the 
anatomical manikins. We also show that the anatomical manikins can be closely approximated by the multi-cylinder and 
sphere representation, at least from a radiation perspective. The developed anatomical manikin set is freely available and 
can be used to compute how body shape impacts a variety of external heat transport processes.

Keywords  Human radiative heat exchange · Effective radiation area factor · Projected area factor · Diverse body shapes · 
Human radiation geometry

Abbreviations
Aeff 	� Effective radiation area (m2)
Ap	� Projected radiation area (m2)
At	� Total body surface area (m2)
BMI	� Body mass index (kg/m2)
feff 	� Effective radiation area factor
fp	� Projected radiation area factor
Fs−m	� Sphere-manikin view factor
�	� Zenith angle (°)

Introduction

Radiation accounts for a significant fraction of human body 
and environment heat exchange and often plays a defining 
role in an individual’s thermal comfort and safety levels. 
These characteristics degrade when radiation exposure is 
anisotropic (Parsons 2014). In indoor settings, being next to 
a cold window or infrared heater can cause thermal discom-
fort and proximity to a hot manufacturing process, such as 
metal casting, can be very dangerous (Kubaha et al. 2004). 
In outdoor settings, even with extremely hot air tempera-
tures, direct solar radiation can cause substantially more 
heating of the human body than air convection (Parsons 
2014; Ioannou et al. 2021). Naturally, the amount of direct 
radiative heating depends on the relative orientation between 
the individual and the radiation source as well as body size 
and posture (Fanger 1972).

The direct radiative heat exchange between an individual 
and a source or sink is often quantified in terms of the total 
body area ( At ), the body surface exposed to surrounding radiant 
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environments (i.e., the effective radiation area Aeff  ), and the 
body surface exposed to the direct radiation (i.e., the projected 
area Ap ). For generalization, these areas are combined into the 
effective radiation area factor ( feff = Aeff∕At ) and the projected 
radiation area factor ( fp = Ap∕Aeff  ). While these two factors 
have been quantified by numerous studies in the last 90 years, 
primarily young “average” individuals have been measured 
(Bandow and Bohnenkamp 1935; Guibert and Taylor 1952; 
Underwood and Ward 1966; Fanger 1972; Steinman et al. 1988; 
Horikoshi 1990; Rizzo et al. 1991; Blazejczyk et al. 1993; Jones 
et al. 1998; Park and Tuller 2011a) or simulated (Tanabe et al. 
2000; Kubaha et al. 2003, 2004; Rees et al. 2008; Yousaf et al. 
2008; Rykaczewski et al. 2022). Similarly, radiation heat trans-
fer coefficients, which can be converted into the two radiation 
area factors (Wissler 2018), have been quantified using near 
“average” human subjects or corresponding thermal manikins 
(Winslow et al. 1940; Mitchell et al. 1969; de Dear et al. 1997; 
Manabe et al. 2004; Quintela et al. 2004). Furthermore, as Park 
and Tuller (2011a) pointed out, the few prior studies that inves-
tigated how the two radiation area factors are impacted by body 
shape relied on small subject numbers and limited measure-
ments (Bandow and Bohnenkamp 1935; Guibert and Taylor 
1952; Underwood and Ward 1966; Horikoshi 1990). The two 
authors addressed this knowledge gap for normal weight and 
overweight subjects (Park and Tuller 2011a) and only found 
minor impact of body shape on the two radiation area factors.

Unfortunately, due to the continuing “trend towards more 
overweight people” that motivated Park and Tuller’s study 
and country-to-country population differences, their results 
do not cover half of the adult population of the USA today. 
In particular, the mean body mass index (BMI = weight [kg]/
height [m]2) for the over-weight subjects in their study was 
about 27 (Park and Tuller 2011a), which is about equal to 
the average BMI of adults in the USA (Center for Disease 
Control and Prevention 2022). Furthermore, 40% and 9% 
of adults in the USA have BMI over 30 (obese) and over 40 
(severely obese), respectively (Center for Disease Control 
and Prevention 2022). Upon even a simple visual inspection 
of adult male manikins representing 1% to 99% BMI vari-
ation in the USA shown in Fig. 1, Park and Tuller’s results 
are not surprising. In particular, the geometrical differences 
between the manikins with BMI of 23 (the mean normal 
weight for Park and Tuller study) and 27 are minor. In con-
trast, major geometrical differences emerge as the BMI 
increases above 75% (~ 32 kgm−2), which indicates that the 
body shape might impact radiation area factors. We also 
highlight that obesity rates are the highest among American 
African and Hispanic adults (Center for Disease Control 
and Prevention 2022) and that communities of color in most 
large cities in the USA are disproportionally impacted by 
heat (Hsu et al. 2021). In other words, we are missing impor-
tant knowledge about radiative exposure of the population 
segment that is at increased risk of extreme heat exposure. 

In this work, we begin to address this gap by computing the 
effective and projected radiation area factors for thirty male 
and thirty female computational manikin models that cover 1 
to 99% variation in height and BMI of adults in the USA. We 
also use the developed computational manikin set to evaluate 
whether the body shape impacts the quality of human repre-
sentation with several levels of geometrical simplification.

Methods

Computational manikin generation

We used the Open Design Lab Manikin Fetcher tool 
based on the US National Health and Nutrition Exami-
nation Survey (NHANES) to generate the three-dimen-
sional male and female manikins that represent 1 to 99% 
height and BMI diversity of the adult US population 
(Parkinsons n.d.). In particular, we generated twenty-
five manikins for each gender, covering each height and 
BMI percentile combination in about 25% increments 
(see Fig. 1), and additional five with 50% height and high 
range BMI. The Manikin Fetcher tool generates mani-
kins near the requested height and BMI combination. 
For example, for the requested female manikin with 50% 
BMI and 50% height, a model with 49.3% BMI (27.1 
kgm−2) and 50.4% height (162.1 cm) might be gener-
ated. To facilitate the presentation of the results, we refer 
to the manikins by the approximate percentile values, 
while the exact anthropometric data for each of them 
are included in parenthesis and also are tabulated in the 
Supplementary Information.

To generate “watertight” quality meshes for the finite ele-
ment method (FEM) radiation simulations, we exported the 
file from the manikin fetcher tool in.jt format, then converted 
to.ply format to be used in the 3D mesh processing software 
system, MeshLab. In MeshLab, we cleaned the imported 
mesh of all non-manifold edges and vertices as well as 
duplicate faces and vertices. Subsequently, we imported the 
manikin into InstantMesh software and used it to refine the 
mesh to have uniform topology with increased vertex den-
sity. After using InstantMesh, we re-imported the mesh as 
a.ply file into MeshLab where we removed the scalp hair 
along with any other unwated deformities. Next, we con-
ducted a Poisson reconstruction of the model with a mini-
mum sample size of 15 and the pre-clean option selected. 
While this step creates a watertight “shell” of the model, 
some defects can arise around the hands, armpits, and groin 
areas. We addressed these defects manually in MeshLab 
or after importing the.stl format meshes into Comsol Mul-
tiphysics 6.0. In the latter software, we followed our prior 
procedure (Rykaczewski et al. 2022) to eliminate any defects 
and re-mesh the geometries with sufficient element density 
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for the FEM simulations (i.e., “finer” size, see mesh refine-
ment study in our prior work (Rykaczewski et al. 2022)).

All the manikin models generated by the Manikin Fetcher 
tool include summer clothing (shorts and T-shirt), have scalp 
hair, have resolved fingers, and are in a standing pose with 
arms raised at 35° away from the trunk. As in our prior work 
(Rykaczewski et al. 2022), the final meshes used in radia-
tion simulations include the clothing, which increases the 
effective radiation area. As a result, the feff  that we compute 
corresponds to the product of the effective radiation area of 
nude subjects (as feff  was defined by Fanger (1972)) with 
the clothing area factor, fcl . For the near “average” young 
adults that participated in his radiation-oriented experi-
ments and were wearing long sleeve shirts and pants, Fanger 
measured an average fcl of 1.19. This value likely decreases 
only mildly for the summer clothing, to a range of 1.12 to 
1.15 (Smallcombe et al. 2021). Our simulated values of this 

“combined” feff  of 0.85 for the average male subject with 
arms along the trunk matched well with Fanger’s 0.86 ± 0.03 
(0.725*1.19) value and Park and Tuller’s feff = 0.84 value 
for adults wearing swimsuits (Rykaczewski et al. 2022). 
We deem this an appropriate approach since adults wear 
summer clothing in hot weather in most situations of inter-
est. In addition, the change in these results would be small 
since fcl increases only mildly between short and full-length 
clothing. However, in the case of scalp hair, we decided that 
removing it from the final manikin meshes will provide the 
most general results. In particular, the variation of scalp hair 
has been recently shown to strongly impact solar radiation 
received by the head (Lasisi et al. 2020). Thus, the radia-
tion area factors simulated for our “hair-less” manikins can 
be augmented if the impact of specific scalp hair geometry 
is known. In turn, we edited the geometry of the hands for 
more pragmatic reasons.

Fig. 1   The processed and finalized twenty-five anatomically representative a male and b female computational manikins employed in the simu-
lations
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The regions around the fingers have the most complex 
topology, leading to multiple mesh defects such as self-
intersecting elements. The proximity of the fingers can also 
result in the formation of artifacts such as partial merging 
or shortening of fingers during the mesh processing process. 
To systematically avoid such issues, we replaced the distal 
section of the hand that includes fingers with an extrusion of 
the cross-section of the cut. We adjusted the extrusion length 
to preserve the effective radiation area of the removed hand 
section. We evaluated “peg-like” hands made from extrusion 
of the cross-section made at the wrist and a “mitten-finger” 
hand made from a cut around the metacarpophalangeal 
thumb joint. Since the perimeter of the cut made about the 
metacarpophalangeal thumb joint (~ 25 cm) is much larger 
than that made around the wrists (~ 15 cm), the length of the 
“mitten-finger” extrusion is significantly shorter. Although, 
as we describe in detail in the Supplementary Information 
the two approaches yield essentially identical results from 
a radiative perspective, we selected to proceed with the 
“mitten-finger” route because it provides more human-like 
geometry. Lastly, we selected to keep the pose the same for 
all the manikins. As also found by Yousaf et al. (2008), rais-
ing the arms away from the trunk increases the value of feff  
(e.g., from 0.85 to 0.91 for average male manikin (Rykacze-
wski et al. 2022)). Figure 1 shows the frontal view of all the 
finalized fifty manikins, including the approximate BMI and 
height values and percentiles.

Formulation of the effective radiation area 
and projected radiation area factor simulation

To compute the At , Aeff  , and Ap values, we employ the com-
putational framework developed and validated in our recent 
work (Rykaczewski et al. 2022). To reiterate briefly, we con-
duct all simulations using the Surface-to-Surface Radiation 
node in the Heat Transfer module of Comsol Multiphysics 
6.0. The effective radiation area is computed from simu-
lated view factor ( Fs−m ) between a large sphere with an area 
As and centrally placed manikin as Aeff = A

s
Fs−m (Fanger 

1972; Yousaf et al. 2008). The projected radiation area is 
computed from a simulation of irradiation on a planar wall 
placed behind the manikin exposed to a 500 Wm−2 “External 
Radiation Source” with an “Infinite distance” position and 
direction corresponding to the angular orientation of inter-
est. We employed the Hemicube method with 64 resolution 
that yielded the same results as the default 256 resolution. 
For each manikin, we simulated the zenith angle range of 
0 ≤ � ≤ 90 ◦ and azimuth angle range of 0 ≤ � ≤ 360 ◦ (see 
Fig. S1 in the Supplemental Information for the angle ori-
entation definitions) with recommended 10 ◦ increments 
(Park and Tuller 2011a). As we describe in the Supplemen-
tal Information, by simulating the entire azimuth range and 
averaging the results for the two manikin sides, we negate 

any minor artifacts stemming from the slight asymmetry of 
the manikin leg pose (Rykaczewski et al. 2022). We simu-
lated over 17,000 effective and projected area cases using the 
ASU High Performance Computing Agave cluster.

Results

Total and effective radiation areas, and effective 
radiation area factor

The total and effective radiation areas increase with both 
BMI and height of the manikins (see Table 1). The At 
of most manikins is within 10% of the value calculated 
by the DuBois formula (Dreyfuss and Dreyfuss 1967), 
with a variation of at most 20% occurring for a few of 
the tallest manikins (see Tables S1 and S2 in the Sup-
plemental Information). While a significant fraction of 
these differences in the total surface area of the manikin 
and the DuBois area likely stems from the clothing fac-
tor, even the largest variation is within expected uncer-
tainty for the DuBois formula (Redlarski et al. 2016). The 
effective radiation areas scale remarkably closely with 
the total surface area. In particular, the feff  is 0.92 for all 
the male manikins and within 0.90 to 0.92 for the female 
manikins. These values are consistent with prior results 
(Yousaf et al. 2008; Rykaczewski et al. 2022) and indicate 
that most of the surface body area of clothed adults with 
arms raised away from the trunk participates in radiation 
exchange with the surrounding.

The projected radiation area factors

Our projected radiation area factor angular distributions for 
the average size manikins match closely with each other and 
with prior literature. The plot in Fig. 2a shows that the simu-
lated fp distributions at the four example � values for the 
average male manikin (50% BMI (28 kgm−2) and 50% height 
(176 cm)) with hands oriented vertically along with the 
trunk match within 10% those measured by Fanger (1972). 
These minor discrepancies occur predominantly around � of 
45 ◦ , 90 ◦ , and 135 ◦ and likely stem from minor differences 
in the pose of the simulated manikin and the human sub-
jects in the seminal experiments (who had arms touching the 
trunk). Similarly, the plot in Fig. 2b shows that, independent 
of the arm orientation, the fp values for all the average male 
(arms along and away from the trunk) and female (arms 
away from the trunk) manikins match closely. The largest 
fp difference between the poses occurs at the zenith angle 
of 0 ◦ . Under this top-down irradiation, raising the manikin 
arms away from the trunk increases the fp value from about 
0.08 to 0.1. This increase is expected since raising the arms 
increases the “shadow” casted under the manikins. Next, we 
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discuss how changing the body shapes away from the aver-
age BMI and height impacts the fp values.

The projected radiation area factor distributions are 
nearly independent of the gender and height of the mani-
kins and are only moderately impacted by BMI at its 
largest values. For example, the plot in Fig. 2c shows 
that for male manikins with 50% BMI (28 kgm−2), vary-
ing the height does not impact the fp distribution. The 
same trend can be observed in the corresponding plot for 
female manikins shown in the Supplemental Information. 
In turn, the plot in Fig. 2d shows that for the male mani-
kins with 50% height (176 cm), only the manikin with 
99% BMI (46 kgm−2) has a distinguishable fp distribution 
(highlighted in black in the plot to facilitate interpreta-
tion). Even in this case, the differences become appreci-
able ( ≥ 10%) only for lower zenith angle values (e.g., at 
� of 30 ◦ and � of 90 ◦ ). The most considerable difference 
of around 20% occurs for top-down irradiation. The cor-
responding plot for female manikins with 50% height 
(162 cm) and varied BMI shown in the Supplemental 
Information demonstrates the same trend but with the 
most significant difference from the average of about 
30% occurring for the 99% BMI (50 kgm−2) manikin. 

Indeed, Table 2 shows that irrelevant of the manikin 
height, the highest absolute fp differences between a 
particular manikin and the average manikin occur in the 
99% BMI cases (46 to 50 kgm−2) and can even reach 
40% for the 1% height (145  cm) female manikin (all 
maximum differences occur for top-down irradiation). 
In other words, even when scaled by the effective radia-
tion area, individuals with very large BMI are exposed to 
noticeably more solar radiation at shallow zenith angles.

To provide further insight into the impact of BMI on fp 
at low zenith angles, we created and simulated additional 
obese male and female manikins with 50% height (176 cm 
or 162 cm) and 80%, 85%, 90%, 95%, and 97.5% BMI 
(see plot in Fig. 3 for BMI values and the Supplemental 
Information for more details on these manikins). The plot 
in Fig. 3 shows that fp(� = 0

◦) is nearly linearly depend-
ent on the value of the BMI (in kgm-2) and that its rate of 
increase is about twice higher for the female (0.0013 per 
kgm-2) than for the male manikins (0.00076 per kgm-2). 
However, since the BMI percentiles for both genders are 
not normally distributed around the mean value, the rate 
of fp(� = 0

◦) increase per percentile is not linear and is 
much higher for individuals with BMI above 80% (see 

Table 1   The total ( At ) and 
effective radiation ( Aeff  ) 
areas and effective radiation 
area factor ( feff  ) for the fifty 
anatomical manikins with BMI 
and height percentiles (%) 
indicated

BMI, % Height, % Female Male

At , m2 Aeff  , m2 feff At , m2 Aeff  , m2 feff

1 1 1.20 1.10 0.91 1.43 1.32 0.92
1 25 1.20 1.11 0.92 1.51 1.39 0.92
1 50 1.27 1.16 0.91 1.58 1.46 0.92
1 75 1.40 1.29 0.92 1.70 1.57 0.92
1 99 1.58 1.44 0.91 1.84 1.69 0.92
25 1 1.26 1.14 0.91 1.52 1.40 0.92
25 25 1.39 1.27 0.91 1.77 1.62 0.92
25 50 1.44 1.31 0.91 1.75 1.61 0.92
25 75 1.55 1.40 0.90 1.82 1.67 0.92
25 99 1.66 1.51 0.91 2.04 1.87 0.92
50 1 1.51 1.37 0.90 1.58 1.45 0.92
50 25 1.50 1.36 0.91 1.79 1.64 0.92
50 50 1.60 1.45 0.90 1.89 1.73 0.92
50 75 1.64 1.49 0.90 1.94 1.78 0.92
50 99 1.79 1.61 0.90 1.99 1.83 0.92
75 1 1.43 1.29 0.90 1.68 1.54 0.92
75 25 1.61 1.46 0.91 1.90 1.75 0.92
75 50 1.75 1.58 0.90 2.02 1.85 0.92
75 75 1.75 1.58 0.90 1.97 1.81 0.92
75 99 1.77 1.62 0.92 2.23 2.04 0.92
99 1 1.74 1.62 0.93 2.06 1.89 0.92
99 25 1.98 1.83 0.92 2.19 2.01 0.92
99 50 2.07 1.91 0.92 2.20 2.03 0.92
99 75 2.18 2.01 0.92 2.36 2.16 0.92
99 99 2.23 2.06 0.92 2.46 2.26 0.92
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inset plot in Fig. 3). We iterate that BMI only affects the 
fp at shallow zenith angles and has comparable impacts to 
minor pose changes (e.g., arm position). In addition, the 
0.01 to 0.03 variation in the fp(� = 0

◦) with these param-
eters is minute compared to the 0.1 to 0.25 changes in the 
fp induced by zenith angle increase. To put these varia-
tions into further context, we discuss several geometrical 
simplifications of the human body in the next section.

Discussion

Our results demonstrated that the projected radiation 
area factor distributions match closely for most of our 
manikins and are only slightly different at shallow zenith 
angles for individuals with very large BMI percentile. 
To provide another perspective on these results, we use 
our comprehensive “anatomical” manikin set to quantify 

Fig. 2   The projected area radiation factor ( fp ) distributions as a func-
tion of the azimuth angle ( � ) for four values of the zenith angle ( � ) 
comparing a the simulated average (i.e., 50% BMI (28 kgm−2) and 
50% height (176 cm)) male manikin with arms down against Fanger’s 
experiments (Fanger 1972), b the simulated average male manikin 
with arms down and arms at an angle as well as the average female 

manikin with the latter pose, c male manikins with 50% BMI (28 
kgm−2) and varying height percentile (1%-158  cm, 25%-171  cm, 
50%-176 cm, 75%-181 cm, and 99%-195 cm), and d male manikins 
with 50% height (176  cm) and varied BMI (1%-18 kgm−2, 25%-25 
kgm−2, 50%-28 kgm−2, 75%-32 kgm−2, and 99%-46 kgm.−2)

Table 2   The absolute maximum 
difference (in percent) 
in-between fp(�, �) for the 
indicated and the average 
female or male manikins. All 
absolute maximum difference 
values occur for � of 0 ◦ (i.e., 
top-down irradiation)

Female manikin height, % Male manikin height, %

BMI, % 1 25 50 75 99 1 25 50 75 99

1 3.5 13.6 9.6 11.2 14.1 6.6 7.5 8.6 6.7 7.9
25 2.2 5.3 6.2 8.4 10.9 4.8 1.7 3.9 3.2 6.2
50 11.3 2.4 0.0 5.7 7.8 5.8 4.3 0.0 2.8 5.2
75 9.7 4.8 5.8 3.7 7.8 8.4 5.8 4.9 3.6 7.8
99 42.0 31.1 32.9 34.6 23.9 26.9 19.9 17.0 23.0 14.3
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how modeling the human-environmental radiation heat 
exchange is impacted by several levels of the human body 
geometrical simplification. We examine the box or “peg” 
human (Höppe 1992; Holmer et al. 2015), the rotationally 
symmetric standing human (Staiger and Matzarakis 2020), 
and sphere and multi-cylinder human (Fiala et al. 1999; 
Fiala and Havenith 2015; Xu et al. 2019) body representa-
tions. The box or “peg” (Holmer et al. 2015; Brown 2019) 
representation of the human body is commonly used in 
the context of the integral radiation measurement (IRM) 
technique (Höppe 1992; Thorsson et al. 2007; Middel and 
Krayenhoff 2019; Vanos et al. 2021) to convert short and 
long wave irradiation fluxes originating from six directions 
(cardinal, top, and bottom) into effective irradiation flux 
experienced by an individual. The conversion is obtained 
by weighting the measurements in the cardinal directions 
(that are all parallel to the ground) with a 0.22 shape fac-
tor and those in the perpendicular directions (i.e., top and 
bottom) with a (1–4 × 0.22)/2 = 0.06 shape factor. Höppe 
obtained the 0.22 shape factor by averaging the fp distri-
bution measured by Fanger (1972) across the entire range 
of zenith and azimuth angles (Höppe 1992). Remarkably, 
when we followed the same procedure, we found that all 
our manikins have an average fp that rounds off to 0.22 
and is at most 0.226 in the 99% BMI (50 kgm−2) and 1% 
height (145 cm) female model case (see the Supplemental 
Information). This value is independent of the manikins’ 
body shape because, even at extreme values of BMI, the fp 
is impacted only at shallow zenith angles. These parameters 
become more apparent when the complexity of the human 
body’s geometrical representation is increased by one level.

Representing the human body as rotationally symmet-
ric is a practical way to incorporate the fp distributions into 
human thermophysiological models and indices calculations 
(Jendritzky et al. 1990; Park and Tuller 2011a, b; Staiger and 

Matzarakis 2020) and design simple radiation thermometers 
such as globes (Vernon 1932; de Dear 1988; Thorsson et al. 
2007) and cylinders (Brown and Gillespie 1986; Krys and 
Brown 1990; Brown 2019; Vanos et al. 2021). The plot in 
Fig. 4 shows distributions of projected radiation area factors 
averaged across all azimuth angle values for each simulated 
zenith angle value ( fp(0◦ ≤ � ≤ 180 ◦ )) for our average and 
most “diverging” manikins (i.e., 99% BMI and 1% height). 
The plots also show fit to Fanger’s data used in Klima-Michel-
Modell (Jendritzky et al. 1990; Staiger and Matzarakis 2020) 
and fits to Park and Tuller’s (2011a) results for standing and 
walking postures (these empirical formulas are presented in the 
Supplemental Information). All these fp(0◦ ≤ � ≤ 180 ◦ ) distri-
butions essentially overlap for � above 3 0◦ and below this angle 
diverge into groups based on the BMI and the pose. The male 
and female manikins with the 99% BMI and 1% height (and 
arms raised away from the trunk) have the highest fp(0◦ ≤ � ≤ 
180 ◦ ) with 0.13 to 0.14 at � = 0

◦ . This value drops to about 0.1 
for the next group of distributions that includes both our aver-
age male and female manikins with arms raised away from the 
trunk and Park and Tuller’s fit for walking posture (Park and 
Tuller 2011a). We attribute the agreement between these three 
distributions to close match of the degree to which arms are 
swung away from the body during walking and, albeit in differ-
ent direction, are raised away from our manikins in the standing 
pose. In addition, as we discussed in the “Introduction” sec-
tion, Park and Tuller’s (2011a) study covered subjects with BMI 
near the current average value for the USA (Center for Disease 
Control and Prevention 2022). The next group that includes the 
two fits for the standing pose with arms along the trunk has the 
lowest fp(0◦ ≤ � ≤ 180 ◦ ) distributions with the 0.08 at � = 0

◦ 
expected from Fanger’s experiments (Fanger 1972). Lastly, the 
two green curves in Fig. 4 show fp(�) distributions for cylin-
ders with a 3.6:1 and a 11:1 diameter-to-height ratio (Rykac-
zewski et al. 2022). The shorter cylinder has an aspect ratio 

Fig. 3   The projected area 
radiation factor for top-down 
irradiation ( fp(� = 0

◦) ) for 
female and male manikins with 
50% height (162 cm for female 
or 176 cm for male) and varied 
BMI values (the inset shows the 
same plot against the population 
BMI percentile). The percen-
tiles corresponding to the BMI 
values for the male and female 
manikins are included on the 
two top horizontal axes
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corresponding to IRM shape weighting factors (Holmer et al. 
2015). The taller cylinder has an aspect ratio used for cylindri-
cal radiation thermometers (Brown and Gillespie 1986; Krys 
and Brown 1990; Brown 2019; Vanos et al. 2021). Consider-
ing their simplicity, both cylinders provide a surprisingly good 
match for a rotational human for most of the zenith angle range. 
The taller cylinder only underestimates values for � below about 
3 0◦ while the short cylinder only underestimates values for � 
above about 7 0◦ . Next, we discuss whether multiple cylinders 
and a sphere can capture the fp for the entire zenith and azimuth 
angle range for diverse human body shapes.

We developed three “tin-man” manikins to quantify to 
what degree the radiative area factors are impacted by the 
simplification of the human body to a set of cylinders and 
spheres (Fiala et al. 1999; Fiala and Havenith 2015; Xu et al. 
2019). Specifically, we generated three male “tin-man” man-
ikins with height and total surface area matching those of 
the anatomically representative manikins with 50% height 
(175 cm) and 1% (18 kgm−2), 50% (28 kgm−2), and 99% (46 
kgm−2) BMI. We based the 50% BMI manikin on Fiala’s 
original model (Fiala et al. 1999) but empirically adjusted 
the lengths of the segments to provide a better match to our 
anatomically representative manikin. As shown in Fig. 5a, we 
subsequently scaled this “average” tin-man to fit the other two 
anatomical manikins. Demonstrating the close match between 
corresponding tin-man and anatomical manikins, the total and 
radiative surface areas of the two human body types are within 
a few square centimeters (see Table 3). Furthermore, the plots 
in Fig. 5b–d demonstrate that from the radiation perspective, 
the tin-mans are an acceptable representation of the anatomi-
cal manikins, with minor differences mainly emerging for 
shallow zenith angles and the largest BMI percentile.

Conclusions

Motivated by the lack of radiative area factors for half 
of the population of the USA with above-average BMI, 
we developed sixty anatomical computational manikins 
representing the 1 to 99% BMI and height diversity of 
the adults in the country. Our simulations revealed that 
the effective and projected radiation area factors angular 
distributions are nearly independent of gender, height, and 
BMI. Appreciable relative differences from the distribu-
tions for the average models (50% BMI and 50% height) 
only emerged for computational manikins with BMI 
above about 80% (33 to 34 kgm−2) and are comparable to 
changes induced by pose change (e.g., raising arms away 
from the trunk). However, these differences only occur 
at shallow zenith angles (below 2 0◦ ) and are small as 
compared to variations induced by zenith angle increase 
(i.e., Δfp∕Δ𝜃 ≫ Δfp∕Δ BMI). The limited impact of the 
body shape on the radiative factors is highlighted by the 
average fp for the entire angular distribution rounding 
off to 0.22 for all the computational manikins. For field 
radiation measurements, this implies that the shape factors 
employed in the IRM technique are representative of the 
entire adult population. In contrast, the BMI influence was 
apparent when the fp was averaged only across the azimuth 
angle range. In particular, the resulting fp(0◦ ≤ � ≤ 180 ◦ ) 
distributions for the rotationally symmetric humans were, 
as expected, impacted by the highest value of BMI but 
only for zenith angles lower than 20 ◦ . Thus, once scaled 
by the surface area, the human body shape nearly has no 
impact on radiative heat transfer within the scope of the 
effective radiation factor approach.

Fig. 4   The rotationally sym-
metric humans: the projected 
area radiation factor aver-
ages across the azimuth angle 
range ( fp(0◦ ≤ � ≤ 180 ◦ )) as 
a function of the zenith angle 
for the simulated 50% BMI (27 
kgm−2 for male or 28 kgm−2 
for female) and 50% height 
(176 cm for male and 162 cm 
for female) and 99% BMI (46 
kgm−2 for male or 50 kgm−2 for 
female) and 1% height (158 cm 
for male and 145 cm for female) 
manikins, fit to Fanger’s experi-
ments (Fanger 1972; Staiger 
and Matzarakis 2020), Park and 
Tuller’s standing and walk-
ing pose fits (Park and Tuller 
2011a), and cylinders with 
diameter-to-height aspect ratios 
of 11:1 and 3.6:1

2364 International Journal of Biometeorology (2022) 66:2357–2367



1 3

While the effective radiation factor approach only pro-
vides information on the total body radiation exposure, the 
comprehensive set of anatomical manikins or their multi-cyl-
inder and sphere avatars can be used to compute how body 
shape impacts a variety of external heat transport processes. 
For example, with minor adjustments (i.e., mitten-finger 
hand shape to capture given phenomena), the manikins can 
be employed to quantify body shape’s impact on the total and 
local convective heat transfer coefficients. The manikins can 
also be employed to simulate detailed heat exposure maps 
across the body in various scenarios. Such detailed heat flux 
body mapping can provide insight into thermal exposure in 
highly anisotropic conditions (Fiala et al. 1999; Rees et al. 

2008; Zani et al. 2019; Aviv et al. 2020, 2022) and poten-
tially be used to optimize localized thermal management 
systems (Veselý and Zeiler 2014; Rawal et al. 2020; Yang 
et al. 2021) for the broad population.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00484-​022-​02362-7.
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