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Abstract
Compared to an adult, an infant requires more consideration regarding the
thermal environment so it is necessary to evaluate the thermal environment
as it affects infants. However, experiments on infant subjects regarding their
thermal environment based on the different heat balance of their body cannot
ethically be conducted. We could instead consider using a thermal model for
the human body, but thermal manikins based on heat transfer per unit area
are rare. Therefore, this study aims to develop a thermal manikin to model
the heat transfer per unit area and the body form of an infant in order to evaluate the infant’s thermal environment. When evaluating the thermal environment or heat balance of the body in the outside environment, it is essential to consider the asymmetry and unevenness of the temperature of the skin,
as an element of the human body, and not just the unevenness and asymmetry of physical factors in the environment. Moreover, when receiving short
wavelength direct solar radiation, light and shaded areas have significant differences in skin temperature. The following 20 body parts were investigated
in the study: anterior head, posterior head, ventral trunk, dorsal trunk (including buttocks), right medial arm, right lateral arm, left medial arm, left
lateral arm, right dorsal hand, right palmar hand, left dorsal hand, left palmar
hand, right anterior leg, right posterior leg, left anterior leg, left posterior leg,
right dorsal foot, right plantar foot, left dorsal foot, and left plantar foot. This
paper measured the body surface area for each part of an infant’s body in order to establish the form of an infant model from the view of the heat transfer
area, and verified the validity of the model.
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Thermal Manikin

1. Introduction
Harmful changes to the outside environment due to global warming or the heat
island phenomenon in cities are a problem. Considered on a familiar weather
scale, the city heat island is a core environmental problem and has three main
causes: an increase in artificial waste heat, artificial ground covering and the
high density of urban morphology. Problems affecting the human body such as
heat stroke, disturbed sleep and air pollution are caused by the heat island phenomenon [1].
Effects on the human body caused by the outside environment have been
quantitatively clarified in terms of the results of the thermal sensation by the
human body of external thermal environmental elements using the ETFe environmental evaluation index proposed by Kurazumi et al. [2], which can calculate
the temperature for individual factors of the outside thermal environment. Kurazumi et al. [3] clarified that the factors influencing the thermal sensation of the
human body in the summertime outside environment include heat conduction,
humidity and short wavelength solar radiation, while the factors influencing the
thermal comfort of the human body are air flow, heat conduction and humidity.
Kurazumi et al. [4] next clarified the factors influencing the thermal sensation of
the human body in the wintertime outside environment, listing the air temperature, long wavelength radiation and short wavelength solar radiation, while the
factors influencing the thermal comfort of the human body in wintertime are air
temperature, humidity, short wavelength solar radiation, long wavelength thermal radiation, and heat conduction.
Kurazumi et al. [5] [6] [7] qualitatively clarified the effect that strong short
wavelength solar radiation in tropical climates has on the thermal sensation of
the human body when applying the outside thermal environment evaluation index ETFe [2]. It clarifies that in tropical areas where the effects of nighttime
cooling cannot be expected, the effect of long-wave length thermal radiation is
strong in the shade of objects made of materials with high heat capacity, and the
effect of improving the thermal sensation of the human body through shade is
low. This research shows the necessity to eliminate the influence of long wavelength thermal radiation in poor outside thermal conditions.
In summertime outside spaces, long wavelength thermal radiation from the
ground surface and short wavelength solar radiation strongly influence the human body, further heating the body and increasing the risk of thermal injury due
to heat stroke, etc. To reduce this, it is essential to alleviate the influence of short
wavelength solar radiation by moving into shade. However, due to the difficulty
in escaping the influence of long wavelength thermal radiation from the ground,
it is necessary to take drastic measures, such as adding natural water or greenery
features to areas of artificial paving. Alternatively, we may be forced to move in
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order to reduce the angle factor between the human body and the ground surface.
Compared to healthy people or adults, the elderly, physically disabled (people
with spinal cord injuries, etc.) and children cannot adapt easily to heat from the
environment. The summertime outside environment places a heavy load on
body temperature regulation and increases the need for measures to counter the
thermal stress. Universal accessibility is progressing and public facilities are assumed to have wheelchair or stroller access. Usually, a parent going outside with
their infant would have to carry them, but with the development of universal
access, physical obstacles such as roads and facilities have been mitigated, making it easier to go outside with a stroller. Therefore, the social environment has
removed the physical labor of carrying an infant, making it easier for parents to
go outside with their children. An infant in a stroller is more susceptible to short
wavelength solar radiation from the sky and long wavelength thermal radiation
from the ground. Since strollers are close to the ground, they are considered to
be strongly influenced by reflected solar radiation from the ground and long
wavelength thermal radiation.
Infants characteristically heat up easily in hot environments and cool easily in
cold environments [8]. Therefore, infants are considered to feel and adapt to the
environment in different ways from adults [8] [9]. Compared to adults, the body
surface area of an infant is extremely small, giving them an extremely large body
surface area to weight ratio. Therefore, the heat transfer for regulating the body
temperature is important [10].
There is a lack of research on the bodily response of an infant in a thermal environment. Although there is research regarding the amount of sweat in body
temperature regulation, there is no clear trend in the amount of sweat from an
adult compared to an infant, and it is considered to differ with maturity [11]
[12] [13] [14] [15]. Also, a relationship between the density of sweat glands and
heat conduction has been reported [10].
In analyzing the above relations, for infants there is less thermal radiation for
body temperature regulation due to their large body surface area to weight ratio
compared to adults [15] [16] [17] [18] [19].
Research on the skin’s heat response to thermal stimuli shows that the mean
skin temperature is higher in infants than adults [11] [13] [20] [21] [22]. Therefore, the cooling speed of the body is lower for a child than for his/her mother,
showing the possibility of a lower ability to produce sweat. Since an infant has
lower thermal responsivity and a poor ability to regulate his/her body temperature, it is necessary to evaluate more body parts in studies [21].
There is a large amount of researches relating to the thermal environment of
infants, wherein regulation from cooling or heating devices and the amount of
clothing needed to match the infant’s daily rhythm are shown to depend on the
thermal environment that the mother is exposed to [23] [24]. Thus, the parent
has a major influence on the form of thermal environment that the infant experiences [25]. In any case, it is necessary to be careful of the possibility that the air
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temperature distribution that the infant is actually exposed to differs from that
of the mother. However, since the thermal balance in the body of an infant has
not been evaluated, the analysis and response is still insufficient. As infants cannot report their own condition due to immaturity or their inability to communicate, their thermal environment is inevitably influenced by the judgement of
the parent.
The above is based on reports from research regarding the thermal environment of infants, which suggests that infants experience a worse thermal environment than adults. Because an infant’s thermal environment or body temperature regulation differs from an adult, it is essential to take into account the differing thermal influences as a basis for evaluating the actual thermal environment. However, we cannot ethically conduct experiments on infant subjects to
determine these differences. Here, therefore, this research aims to develop a
thermal manikin modelling the heat transfer per unit area and the body form of
an infant in order to evaluate the thermal environment for an infant. The surface
area of each part of an infant’s body was measured in order to establish the form
of an infant model, and the validity of the model was clarified.

2. Thermal Model for the Human Body
To examine the thermal exchange between an infant’s body and the environment,
we can use a thermal manikin or numerical manikin. However, neither the relationship between the generated and radiated heat nor the human form, boundary conditions or coefficient values are clear for the human body using a numerical manikin.
Many numerical manikins have been developed to model the thermal regulation of the human body. Methods include the comparatively simple cylindrical
model from Wissler [26], the improved Wissler model of Atkins and Wyndham
[27] and the Two-node model of Gagge et al. [28] [29] [30]. Also, methods that
have the human form include those reported by Stolwijk and Hardy [31], Stolwijk [32], Smith [33], Takemori et al. [34], Fu [35], Yokoyama et al. [36] [37]
[38], Tanabe et al. [39], Huizenga et al. [40], McGuffin et al. [41], Kohri and
Mochida [42], Ozeki et al. [43], Sakoi et al. [44], Kuwabara et al. [45], Park and
Tuller [46], and Kurazumi et al. [47]. However, for each model, the input values
for the physiological response or the coefficient values for the body’s thermal
environment specifically for an infant are unclear, and the thermal environment
of an infant cannot be evaluated.
However, if the heat transfer characteristics of the thermal environment for a
thermal manikin are known, the influence of the thermal environment on an infant’s body can be evaluated. Many adult thermal manikins are commercially
available, including those from Kyoto Electronics Manufacturing Co., Ltd. [48],
Measurement Technology North West Thermetrics [49], Intec Co., Ltd. [50],
and PT-Teknik [51], and Measurement Technology North West Thermetrics
[49] also sell an infant thermal manikin. Further, other companies are able to
make products to order. However, orders for thermal manikins are extremely
DOI: 10.4236/eng.2019.1111048
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small. For example, Kyoto Electronics Manufacturing Co., Ltd. [48] made five infant thermal manikins per month as a pilot job [52], while Measurement Technology North West Thermetrics [49] develops and sells infant manikins at nine
pieces per month. However, these are made based on the dimensions of the human body and not on the heat transfer per unit area.
From the above, as concerns the thermal environment for an infant, we could
consider using a thermal model for the human body, but thermal manikins
based on heat transfer per unit area are rare.

3. Experimental Plan
The heat transfer area includes the convective heat transfer area, radiative heat
transfer area and conductive heat transfer area. However, in this research, there
is no contact between body parts and the entire body is exposed to air flow, making convective heat transfer area the dominant process for the whole body [53]
[54] [55]. Body surface area was directly measured by attaching surgical tape directly to the body surface and calculating the area of the tape [53] [54] [55] [56]
[57].
Non-woven surgical tape was directly attached so as to overlap (Nichiban: Nichiban Surgical Tape-21N, 12 mm, 25 mm, 50 mm). After the overlapping portions were marked with a pen, they were carefully removed and attached to Kent
paper. We used an in-house computer program and a digitizer (Graphtec: KD4310,
resolution: 0.025 mm) to calculate the area of tape excluding the overlapping
tape portions.
Human models developed from electronic information technology or calculation technology are used in the field of CG animation, for example. Human
models developed from IT, including modeling technology, rendering technology or motion expression technology and even action modeling technology, are
used as a visual model of the body in many fields such as animated movies, virtual reality or video games. There is also research to replicate the body, including
internal organs, that uses CT (computed tomography) or MRI (magnetic resonance imaging), as used in medical imaging. A human model is currently being
made with a resolution on the millimeter scale. Although the application of a
numerical simulation that clarifies biological effects is being considered, the expression of heat exchange by the body from the surrounding environment has
not been investigated.
It is necessary to investigate the precision of a human model by considering
the state of the body or of the environment. Thus, it is essential to define the
appropriate boundaries of the body model. There are many 3D forms recreating the human body with simplifications that replace the body with geometric
shapes.
When examining the heat exchange between the human body and the surrounding environment, a human model that can express the details of the size
and surface form of the body is necessary. Human models that express the details of the human form include those of Suzuki and Kakitsuba [58], Ozeki et al.
DOI: 10.4236/eng.2019.1111048
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[59], Manabe et al. [60], Omori et al. [61], Sørensen et al. [62], Torii et al. [63],
Ito and Hotta [64], and Kurazumi et al. [65]. All of these models are of an adult.
Suzuki and Kakitsuba [58] made a human body model in a standing position
that uses a sliding gauge. The validity of the model was clarified by running a
comparison of the body surface area, effective radiation area factor and angle
factor from the model with a real human. Ozeki et al. [59] used commercially
available body modeling software to make human models out of small square
elements; these were in a standing position, seated and cross-legged positions.
The validity of this method was confirmed by Fanger et al. [66] and Tsuchikawa
et al. [67] through comparison with the results of measurements on the human
body using the angle factor and effective radiation area factor of the human
model using parallel light rays. However, the differences in human form, rather
than models that measure the body, have not been investigated. Manabe et al.
[60] made a standing humanoid model formed from triangles by using wires to
measure cross-sections of the human body. However, this method has not been
verified. Omori et al. [61] made a human model that imitates the form of a
thermal manikin with non-contacting body parts, but there is no explanation of
the making process, and its validity has not been investigated. Sørensen et al.
[62] used a non-contact 3D digitizer to make a humanoid model imitating the
form of a thermal manikin in a seated position formed from small triangular
elements. The validity of the surface area was clarified through comparison with
the area of a 16-piece thermal manikin and that of a humanoid model. However,
again, the differences in human form, rather than models that measure the body,
were not investigated. Torii et al. [63] also used a non-contact 3D digitizer to
make a humanoid model in a standing position formed from small triangular
elements. The validity of the body surface area was clarified through comparison
of a human body with the body surface area, convective heat transfer area, radiative heat transfer area, conductive heat transfer area, and angle factor of a humanoid model. Ito and Hotta [64] used commercially available body modeling
software to make a humanoid model from many triangular elements. However,
differences in human form were still not investigated. There is a humanoid model
that targets the heat exchange from radiation and convection of the human body
with the surrounding environment. Kurazumi et al. [65] used a non-contact 3D
digitizer to make a seated humanoid model formed from small triangular elements. The validity of this was confirmed through comparison of a human body
with the body area, convective heat transfer area, radiative heat transfer area and
conductive heat transfer area of a humanoid model.
For the humanoidmodels above, investigations have been done from the perspective of the radiative heat transfer or surface area of a body. However, apart
from the humanoid models designed by Suzuki and Kakitsuba [58], Torii et al.
[63] and Kurazumi et al. [65], they are not based on actual measurements and
the scientific basis is rarely reported. Thus, humanoid models made to measure
the heat balance of the human body are extremely rare. In addition, no investigations of models based on infants have been done.
DOI: 10.4236/eng.2019.1111048
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As mentioned in the introduction, while numerical manikins that are heat
exchange models of the body and design or evaluation methods of the thermal
environment from humanoid models using numerical calculations are mainstream, many of the boundary conditions or coefficient values for the body form
of an infant, which differs from an adult, have not been clarified. Therefore,
making a quantitative analysis of a numerical humanoid model for an infant
could be difficult.
We cannot ethically conduct experiments on infant subjects to clarify their
thermal environment based on the heat balance of the body, so we use an infant
humanoid model as a subject for thermal manikin modeling. The medical and
nursing fields use the infant humanoid model known as Nurse Training Baby
(3B Scientific: W17002, Asian Body Care Model male) by Nihon 3B Scientific Inc.
[68]. This Nurse Training Baby is formed from a head, trunk (including buttocks), upper limbs, and lower limbs based on dedicated modeling. The body is
approximately 50 - 60 cm long. The validity of the heat transfer area has been
investigated for this Nurse Training Baby.
For measurements of the body surface area, there are 18 parts for both the left
and right of each section, including the head, ventral trunk, dorsal trunk (including buttocks), upper arm, forearm, hand, thigh, leg, and foot.

4. Experimental Results
Table 1 shows the experimental results for the surface area of each section. The
total body surface area is 2087.50 cm2. The surface area ratio for each of the
main body parts, which are the head, trunk (including buttocks), arm, hand, leg
and foot, were 0.238, 0.302, 0.117, 0.041, 0.240 and 0.062 respectively. This
shows the large head to body surface ratio that is characteristic of newborn babies and infants. As about shown in Figure 1 later, the subject’s right hand is
closed. However, the subject’s left hand is opened. As a result, the body surface
area of the left hand was larger than that of the right hand.
In body surface area research, there are many surface area measurements with
no left-right variation. However, in the results from this research a slimming
trend was seen in the right lower limbs when compared to the left lower limbs.

5. Effectiveness of the Infant Model Body
The surface area of the body was calculated with a process for devising a formula
for the area. Many studies have been conducted since Funke’s measurements of
surface area [69]. DuBois’ expression [70] for calculating body surface area has
been widely employed. However, even with the DuBois’ formula [70], surface
area measurements have been made for only 12 people [71] [72]. In addition, a
surface area formula was proposed that measures only half of the surface area of
a left-right body [70].
In Japan, the formula for calculating body surface area from Fujimoto et al. is
widely used [73]. However, due to the large differences in form or physique
DOI: 10.4236/eng.2019.1111048
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Table 1. Results of body surface area.
Reagion

Surface area [cm2]

Area ratio [-]

Area ratio [-]

Right head

256.29

0.123

0.238

Left head

240.53

0.115

Right ventral trunk

155.25

0.074

Left ventral trunk

151.31

0.073

Right dorsal trunk

154.99

0.074

Left dorsal trunk

168.01

0.081

Right upper arm

61.66

0.030

Left upper arm

60.71

0.029

Right forearm

59.61

0.029

Left forearm

60.87

0.029

Right hand

34.80

0.017

Left hand

49.03

0.024

Right thigh

146.78

0.070

Left thigh

159.07

0.076

Right leg

91.86

0.044

Left leg

105.32

0.050

Right foot

67.78

0.032

Left foot

63.63

0.030

0.302

0.117

0.041

0.240

0.062

arising from variations in lifestyle or diet in Japan, the measurement data and
actual conditions that the formula is based on are remarkably different. Kurazumi et al. [57] compared the body surface area formulas from DuBois [70], Fujimoto et al. [73] and Kurazumi et al. [56] with the measured results of the body
surface area of Japanese people. They found that the formula from Kurazumi et

al. [56] was most effective given the differences in people’s form and physique.
This formula for body surface area is now the standard for AIJES-H0004-2014
(Standards for Measurement of Psychological and Physiological Responses to
Thermal Environments) of the Architectural Institute of Japan [74].
Meeh [75] made early measurements of the body surface area for two infants.
The measurements were made on one side only, assuming the left-right symmetry of the body. Lissauer [76] measured 12 (deceased) infants, making measurements on one side only based on the left-right symmetry of the body, but the
body surface area for each section of the body is not clear. Lassabliére [77]
measured 12 infants, again on one side only, but the surface area is not clear for
each section of the body. Klein and Scammon [78] later measured the surface
area of each body part for 7 (deceased) fetuses and 1 newborn. Otani [79] measured the body surface area of each body part for two infants, who were hospitalized and with nutritional problems. The measurements were again made on one
DOI: 10.4236/eng.2019.1111048
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side only, assuming the left-right symmetry of the body, and the surface area of
each section of the body was not clear. Likewise, Oshiro and Tagawa [80] measured the surface are of six healthy infants, measuring only one side of the body.
Ochi and Higuchi [81] measured the surface area of each body part for nine
newborns. Kawabata [82] measured the body surface area of each body part for
one infant. Kobayashi et al. [83] measured the body surface area of each body
part for four healthy infants, again on one side only. Miyajima [84]measured the
surface area of each body part for 12 infants aged between 0 and 12 months, but
on one side only. Then, Fujimoto et al. [85] compared the surface area of each
body part by age by integrating the results from Kawagoe [86], Matsuo [87],
Koashi [88], Miyajima [84], and Fujiwara [89]. From the above, it is evident that
research on the body surface area of infants is lacking, and it is rare for body
parts.
Research regarding infants includes many body donations. For research into
infant surface area, Oshiro and Tagawa [80], Kobayashi et al. [83], and Miyajima
[84] measured the surface area for bodies without assuming left-right symmetry,
but even in conventional research, many estimations are still made by measuring
only one side of the body. Here, in order to investigate the effectiveness of infant
humanoid models, Table 2 shows a comparison of past research that measured
infant bodies [80] [81] [83] [84]. Compare to the above studies, the subject in
this study has a small body surface area ratio of the upper limbs of the arms and
the hands, but are considered to be in the range of the actual measurements in
previous studies.
The body length of Japanese infants from birth to 12 months is about 50 - 75
cm for the 50th percentile, and the weight of infants is about 3 - 9 kg for the 50th
percentile [90]. Infant physique varies greatly with each passing month. In view
of the body length of the subjects, the subject is estimated to be about 1 - 2
months old. Therefore, this is considered to be similar to the results of research
by Ochi and Higuchi [81], who looked at newborns.
Body surface area formulas were proposed by Lissauer [76], Otani [79], Lassabliére [77], Boyd and Scammon [91], Oshiro and Tagawa [80], Kobayashi et al.
[83], and Fujimoto et al. [73]. Height, bust and weight are functional elements in
the formula for body surface area. From the body length of subjects for Nurse
Training Baby [68] from Nihon 3B Scientific Inc. of around 50 - 60 cm, and the
infant growth census conducted by the Ministry of Health, Labor and Welfare of
Japan [90], the 50th percentile of 1 - 2 month old infants have a length of 55.6 cm
and a weight of 4.79 kg. Table 3 shows the calculated results for body surface
area from this data. As there is a difference in the health and age of the subjects
on which the body surface area is based, the results show a wide distribution.
Compare to the above studies, the subject in this study is considered to be in the
range of the actual measurements in previous studies.
From the above, and based on the Nurse Training Baby, we can say that the
validity of the thermal manikin modeling of an infant has been investigated.
DOI: 10.4236/eng.2019.1111048
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Table 2. Comparison of measured body surface area ratio.
Reagion

Authers

Ochi

Oshiro

Kobayashi

Miyajima

Head

0.238

0.254

0.204

0.199

0.185

Trunk

0.302

0.248

0.272

0.314

0.366

Arm

0.117

0.143

0.185

0.134

0.126

Hand

0.041

0.053

0.050

0.052

Leg

0.240

0.243

0.240

0.206

Foot

0.062

0.059

0.063

0.065

0.339

Ochi is Ochi and Higuchi (1935) [81]; Oshiro is Oshiro and Tagawa (1936) [80]; Kobayashi is Kobayashi et

al. (1952) [83]; Miyajima is Miyajima (1960) [84].

Table 3. Comparison of calculated body surface area.
Researcher

Lissauer

Otani

Lassabliére

Surface area
[cm2]

2926.81

3091.23

2983.64

Boyd

Oshiro Kobayashi Fujimoto Authers

3158.09 3066.46

3101.56

1785.92

2087.50

Lissauer is Lissauer (1903) [76]; Otani is Otani (1907) [79]; Lassabliére is Lassabliére (1910) [77]; Boyd is
Boyd and Scammon (1930) [91]; Oshiro is Oshiro and Tagawa (1936) [80]; Kobayashi is Kobayashi et al. (1952)
[83]; Fujimoto is Fujimoto et al. (1968) [73].

6. Thermal Manikin Modeling of an Infant
As mentioned in the previous section, the Nurse Training Baby is an effective model of an infant. However, there was a remarkable left-right difference in the legs
of this humanoid model.
Due to the small influence of short wavelength direct solar radiation in the inside environment or outside shaded environment, neither is noticeably uneven
or asymmetric. However, in the sunny outside environment, any part of the body
may be both shaded and sunlit, which can cause a remarkable difference in skin
temperature due to the effects of short wavelength solar radiation.
Horikoshi et al. [92] and Kurazumi et al. [93] ran experiments with uneven
and asymmetric subjects in the indoor environment and for an uneven asymmetric thermal radiation environment; the local thermal radiation was seen to affect
the psychological response, showing that there is a fluctuation in this response.
Kurazumi et al. [94] showed the parameters for uneven and asymmetric thermal
environment factors that can be indicators with which to evaluate the effects on
the human body of an uneven asymmetric thermal radiation environment. The
effects of these parameters were shown to cause a large spread in the body’s response. Namely, as well as the psychological response to thermal action in indoor spaces, a large spread in thermal sensitivity in outdoor space arises from
the effects of other environmental stimuli.
From the above, when evaluating the thermal environment or heat balance of
the body in the outside environment, it is essential to consider the asymmetry
and unevenness of the skin temperature, as an element of the human body, and
not just the unevenness and asymmetry of physical factors in the environment.
DOI: 10.4236/eng.2019.1111048
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Therefore, it is desirable to have mirror images in the left and right limbs of a
humanoid model. Therefore, as shown in the results section, we made a mirror
image of the right side limbs based on the left limbs of the Nurse Training Baby,
which is considered a healthy subject for modeling.
We used a non-contact 3D scanner (SHINING 3D: EinScan-S, resolution 0.05
mm) [95] to scan around the whole infant subject model and obtained coordinate data for every point on the surface. In order to remove dimples or limb
combinations, the scan was run separately for the head, trunk, arms and legs.
The thermal manikin had a three-layer structure, comprising the humanoid
model, heating layer and temperature measuring layer. Figure 2 shows a crosssection of the thermal manikin. A manganin heating circuit and an alumel temperature measuring circuit were sandwiched between the three layers of insulation. The manganin wires and alumel wires were arranged to cover the whole body
evenly, with the manganin wires on the inside and the alumel wires arranged on
the surface. In conventional thermal manikins, the heating wire is used also to
measure the temperature, which means that the measured surface temperature is
higher than the onset temperature. In the proposed thermal manikin system, the
heating wire is separate from the measuring wire, and enables the average temperature to be measured for the whole surface.
Kurazumi et al. [96] showed a significant difference in skin temperature in
light and in shade, even for body parts that had both lit and shaded areas when
receiving short wavelength direct solar radiation. As well as having mean skin
temperature measurements or thermal manikin features in the head and trunk,
it is necessary to separate the front and back of the limbs in the coronal plane.
Thus the manganin heating wire and alumel measurement wire were distributed
over the following 20 parts: anterior head, posterior head, ventral trunk, dorsal
trunk (including buttocks), right medial arm, right lateral arm, left medial arm,
left lateral arm, right dorsal hand, right palmar hand, left dorsal hand, left palmar hand, right anterior leg, right posterior leg, left anterior leg, left posterior
leg, right dorsal foot, right plantar foot, left dorsal foot, and left plantar foot.
It is essential for the surface of the humanoid model to develop the skin temperature to have as uniform a temperature as possible on the surface of each
body part. Here, the surface of each layer was covered with a material with high
heat conductivity and electric insulation (Sumitomo Osaka Cement Co., Ltd.:
Zimainus X2, heat conductivity 2.4 W/(m∙K)) [97]. Each layer was about 1 mm
thick. Then, from the 3D skin data of the 3D modeled humanoid we made a
humanoid model with a 2 mm offset in cross-section. Since there is a limit to the
recovery redaction of 3D skin data, the polygon data was adjusted using Rhinoceros (AppliCraft Co., Ltd.: Rhinoceros) [98] and Autodesk Meshmixer (Autodesk Inc.: Autodesk Meshmixer) [99].
The 3D modeled humanoid was rendered on a 3D printer (Zortrax: Zortrax
M300, Layer resolution 90 - 290 microns, nozzle diameter 0.4 mm) [100]. High
impact polystyrene was used as the 3D printer filament resin. Figure 1 shows the
modeled thermal manikin.
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Figure 1. Thermal manikin.

Figure 2. Structure of thermal mannequin.

7. Effectiveness of the Infant Thermal Manikin
We evaluated the effectiveness of the infant thermal manikin from the perspective of the heat transfer area, similar to that in part 5. Body surface area was directly measured by attaching surgical tape directly to the body surface and calculating the area of the tape [53] [54] [55] [56] [57].
Table 4 shows the measurements for the body surface area of each part of the
infant thermal manikin. There was no large left-right difference in the limbs.
Therefore, the humanoid form can be said to be an effective infant thermal manikin regarding the unevenness and asymmetry of the temperature of the skin,
as an element of the human body. The body surface area ratio for each of the
main body parts of the infant thermal manikin, namely the head, trunk (including buttocks), arm, hand, leg and foot, was 0.240, 0.285, 0.120, 0.039, 0.258, and
0.058 respectively. Comparison of these results with the data shown in Table 2
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Table 4. Results of body surface are.
Reagion

Surface area
[cm2]

Area ratio [-] Area ratio [-] Area ratio [-] Area ratio [-]

Anterior head

352.99

0.157

Posterior head

187.97

0.083

Ventral trunk

316.41

0.141

Dorsal trunk

324.69

0.144

Right medial arm

54.39

0.024

Right lateral arm

79.88

0.036

Left medial arm

54.48

0.024

Left lateral arm

81.67

0.036

Right dorsal hand

24.60

0.011

Right palmar hand

19.51

0.009

Left dorsal hand

23.80

0.011

Left palmar hand

18.99

0.008

Right anterior leg

158.52

0.070

Right posterior leg

131.23

0.058

Left anterior leg

155.25

0.069

Left posterior leg

136.64

0.061

Right dorsal foot

32.57

0.015

Right planter foot

34.75

0.015

Left dorsal foot

30.23

0.013

Left planter foot

34.22

0.015

0.240

0.240

0.240

0.285

0.285

0.285

0.060

0.120

0.159

0.060

0.020

0.039

0.019

0.128

0.258

0.316

0.130

0.030

0.058

0.028

shows that the body surface area of the lower limbs increased slightly, but was
still within the range of actual measurements in previous studies. Therefore, the
validity of modeling an infant thermal manikin has been verified.

8. Conclusion
We cannot ethically conduct experiments on infant subjects to evaluate the thermal environment based on the heat balance of their bodies. Here, we developed
a thermal manikin modeling the heat transfer area and the body form of an infant in order to evaluate the thermal environment for an infant. This paper measured the body surface area for each part of an infant’s body in order to establish
the form of an infant model from the perspective of the heat transfer area, and
verified the validity of the model.
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