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Abstract 
Infants are less thermally adapted to their environment and can be consi-
dered as needing protective measures against thermal environments. It is not 
ethical to conduct subject experiments on infants. Thermal insulation in 
clothing is an essential control coefficient for the evaluation of the thermal 
environment of an infant. A thermal manikin can be used as an alternative 
method for carrying out experiments and to control the thermal manikin 
based on heat balance. The purpose of this study was to clarify the thermal 
insulation of infants’ clothing. An infant thermal manikin was used to clarify 
the thermal insulation (Icl) of typical summer, mid-season, and winter cloth-
ing combinations for infants. The thermal insulation of typical seasonal clothing 
combinations was 0.30 clo for summer clothing, 0.57 clo for mid-season clothing 
and 1.02 clo for winter clothing. It was clarified that it is essential to consider 
clothing conditions by taking into account differences in posture and to de-
fine the clothing thermal insulation (Icl) when designing and evaluating 
thermal environments. When designing and evaluating an infant’s thermal 
environment, it is essential to investigate using data from infants. 
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1. Introduction 

When planning and designing a thermal environment, design criteria values ap-
propriate to the space are necessary. It is essential that the designed values of the 
thermal environment are standard numerical values that relate to the physical 
factors corresponding to thermal environment stimuli to the human physiologi-
cal response to them. Although there are many physical factors, a thermal envi-
ronment evaluation index derived from the heat balance of the human body, 
taking into account physiological and psychological temperature, is ordinarily 
used as a representative value for the environmental stimulus. Many of the 
components of these representative values are for the naked body. However, in a 
real space, people wear clothes, so it is necessary to conduct research on cloth-
ing. 

Even if the thermal environment evaluation index is used as a representative 
value to design and evaluate the environment, coefficient values for the human 
body that constitute the thermal environment evaluation index and subject ex-
periments, are required. However, it may be ethically unfeasible to conduct a 
human subject experiment on a particular group. In this case, a thermal mani-
kin, which is a thermal model of the human body, is a useful experimental tool. 
Methods for controlling thermal manikins include constant surface temperature, 
constant heating value, and heat balance. 

When considering the heat balance of the human body, the thermal effect of 
clothing is treated as a clothed heat transfer coefficient based on the naked body. 
Normally, clothing serves as an insulating layer between the human body and 
the surrounding environment and is treated as clothing thermal insulation. This 
clothing thermal insulation includes the thermal insulation of the layer of air 
that exists between the outer surface of the clothing and the skin surface. In a 
posture where the body surfaces are in contact with each other or the body sur-
faces are in contact with the surface of a chair or the floor, the layer of air in the 
space inside the clothing inevitably differs greatly from that for a non-contacting 
surface due to pressure, so it is necessary to understand the thermal insulation of 
the clothing according to posture. Hanada [1] [2], Olesen et al. [3], Nishimura et 
al. [4], Yamato et al. [5] [6], and Kurazumi et al. [7] clarified that different post-
ures cause differences in clothing thermal insulation. Kurazumi et al. [8] [9] [10] 
clarified that, even if the physical thermal environment stimulus is the same, the 
numerical values of the thermal environment evaluation index differ when the 
posture is different. The clothing thermal insulation is affected by the heat 
transfer area of the clothing surface becoming greater than the skin surface. This 
could be due to the combination of clothing and differences in the way clothing 
is worn, such as folding and overlapping; and the layer of air between the skin 
surface and the clothing arising from the way in which the clothing is worn. 
Therefore, it is necessary to indicate the clothing thermal insulation assuming 
the posture in the space where the subject is. 

The clothing thermal insulation can be obtained from the heat balance of the 
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human body by either subject experiments [11] [12], or by using a thermal ma-
nikin [1]-[7] [13]-[25]. 

It is difficult to measure clothing thermal insulation every time a thermal en-
vironment is evaluated. Accordingly, the clothing thermal insulation for each 
typical garment [26] is indicated, or a formula for calculating the clothing ther-
mal insulation is proposed [14] [16] [17] [19] [20] [24] [27]. 

However, previous studies of clothing thermal insulation have focused on 
adults; very few studies have focused on infants. An infant’s body tends to warm 
up easily in a hot environment and cool down in a cold environment [28]. 
Therefore, infants are thought to have different adaptations to, and sensory per-
ceptions of, their environment than adults [28] [29]. Compared to healthy indi-
viduals and adults, infants are less able to thermally adapt to their environment. 
The outdoor environment during the summer season is a severe environment 
from the perspective of body temperature regulation and it is considered neces-
sary to take protective measures against the thermal environment. It is essential 
to take into account the difference in thermal effects on infants to those on 
adults, and so more care is needed. 

It is not ethical to conduct experiments on infants regarding thermal envi-
ronments based on heat balance. Therefore, to examine the thermal environ-
ment of infants, experiments and simulations using a human thermal model 
may be feasible by clarifying the human body coefficient values of infants. From 
this perspective, Kurazumi et al. [30] have developed a thermal manikin of an 
infant based on heat transfer area. Accumulation of human body coefficient val-
ues is indispensable for the control of an infant thermal manikin by heat bal-
ance. However, sufficient analysis and countermeasures are not yet apparent. 

Focusing on the heat transfer area of infants, a reference surface area of the 
infant body has been measured [31]-[39]. Also, the solar radiation area factor of 
the infant body has been measured [40]. The clothing area factor of the infant 
body has also been measured [25] [41]. Research focusing on infants’ clothing 
thermal insulation is limited to Fukazawa et al. [25] and is insufficient for stud-
ying the thermal environment of infants. In particular, it is difficult to say that 
sufficient research has been accumulated on infants’ clothing thermal insulation. 
Therefore, in the absence of basic data for infants, it is essential to clarify the 
clothing thermal insulation by actual measurements. 

The heat balance of the human body is incorporated into the human body’s 
evaluation of thermal environments; clothing thermal insulation is an essential 
control element for the evaluation of an infant’s thermal environment using a 
thermal manikin and control of the thermal manikin based on the heat balance 
of the human infant body. Therefore, the purpose of this study was to clarify in-
fants’ clothing thermal insulation. 

2. Experimental Plan 

We conducted an experiment to clarify the thermal insulation of infants’ cloth-
ing by actual measurements, according to the combination of clothing in typical 
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seasons. The clothing thermal insulation was calculated using the calculation 
method of Kurazumi et al. [7], based on the theory of Seppanenn et al. [13]. The 
clothing thermal insulation (Icl) can be expressed by the following equation. 

( ) 0.155a s o aI t t Q= −                      (1) 

( ) 0.155t cl o tI t t Q= −                      (2) 

cl t a clI I I f= −                        (3) 

cl cl sf A A=                         (4) 

Here, 
Ia: Thermal insulation in the naked state [clo] 
It: Thermal insulation in the clothed state [clo] 
Icl: Clothing thermal insulation [clo] 
Qa: Heat loss from naked infant thermal manikin [W/m2] 
Qt: Heat loss from clothed infant thermal manikin [W/m2] 
ts: Body surface temperature [˚C] 
tcl: Outer clothing surface temperature [˚C] 
to: Operative temperature [˚C] 
Acl: Outer surface area of clothed infant thermal manikin [m2] 
As: Body surface area of naked infant thermal manikin [m2] 
fcl: Clothing area factor [N.D.]. 
The experiment was carried out in the environmental laboratory shown in 

Figure 1. The environmental laboratory was equipped with a conventional 
air-conditioning system, with air intake and exhaust being conducted from the 
wall. The walls and ceilings were covered with thin curtains to give thermal en-
vironmental conditions such that the mean radiant temperature was homoge-
neous with the air temperature. 

The subject of the measurements should be a healthy infant but this is not 
ethically possible. Therefore, the experiment was conducted using the infant 
thermal manikin of Kurazumi et al. [30], which was developed to mimic the 
human infant model “Nurse Training Baby” [42] used in the measurement of 
clothing area factor in Kurazumi et al. [41]. Figure 2 shows the infant thermal 
manikin. Table 1 shows the characteristics of the infant thermal manikin. 

The height of the human infant model used in this study [30] was about 50 - 
60 cm. From the Growth Survey of Infants of the Ministry of Health, Labour and 
Welfare of Japan [43], the 50th percentile data for the age of 1 to 2 months was 
extracted, giving a height of 55.6 cm and weight of 4.79 kg. Comparing the body 
surface area calculated from this height and weight data [32] [33] [34] [36] [44] 
[45] [46] with the measured body surface area of the infant thermal manikin of 
Kurazumi et al. [30], clarified the validity of the infant thermal manikin dimen-
sions. Table 1 shows the body surface area of the infant thermal manikin [30]. 

The clothing used in the experiment was the same typical seasonal clothing 
combination as in the measurement of the clothing area factor in Kurazumi et al. 
[41]. The combinations of infant clothing by season are shown in Figure 3. Ta-
ble 2 shows the characteristics of the clothing. When dressing the infant thermal 
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manikin, sufficient care was taken to avoid uneven distribution of folds and 
overlaps due to wrinkles on the surface. The wrinkles, folds and overlaps of the 
clothing that occur when the infant thermal manikin was moved to the set post-
ure were assumed to be natural. 

 

 
Figure 1. Plan of experimental setup where infant thermal mani-
kin is exposed to thermal conditions. 

 

 
Figure 2. Infant thermal manikin. Posture is sitting on wooden 
frame support rack with bamboo material. Recline angle is 60˚. 
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Figure 3. Seasonal clothing ensembles. 

 
Table 1. Characteristics of infant thermal manikin. 

Region Surface area [cm2] Area ratio [-] Area ratio [-] Area ratio [-] Area ratio [-] 

Anterior head 352.99 0.157 0.240 0.240 0.240 

Posterior head 187.97 0.083 
   

Ventral trunk 316.41 0.141 0.285 0.285 0.285 

Dorsal trunk 324.69 0.144 
   

Right medial arm 54.39 0.024 0.060 0.120 0.159 

Right lateral arm 79.88 0.036 
   

Left medial arm 54.48 0.024 0.060 
  

Left lateral arm 81.67 0.036 
   

Right dorsal hand 24.60 0.011 0.020 0.039 
 

Right palmar hand 19.51 0.009 
   

Left dorsal hand 23.80 0.011 0.019 
  

Left palmar hand 18.99 0.008 
   

Right anterior leg 158.52 0.070 0.128 0.258 0.316 

Right posterior leg 131.23 0.058 
   

Left anterior leg 155.25 0.069 0.130 
  

Left posterior leg 136.64 0.061 
   

Right dorsal foot 32.57 0.015 0.030 0.058 
 

Right planter foot 34.75 0.015 
   

Left dorsal foot 30.23 0.013 0.028 
  

Left planter foot 34.22 0.015 
   

Mid-season
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Table 2. Characteristics of seasonal clothing ensembles. 

Description Detail Material (%) Weight (g) Remark 

Summer season 
    

Diaper 
  

25 Pampers swaddlers, 0 - 3 months 

Underwear Sleeveless rompers Mesh Tenjik cotton (100) 31 miki house, 0 - 3 months, 60 cm 

Short coverall Short sleeve T-shirt and rompers Cotton (100) 73 miki house, 0 - 3 months, 60 cm 

     
Mid-season 

    
Diaper 

  
25 Pampers swaddlers, 0 - 3 months 

Underwear Short sleeve rompers Milling cotton (100) 43 miki house, 0 - 3 months, 60 cm 

Two-way coverall Long sleeve rompers Cotton (100) 92 miki house, 0 - 3 months, 50 - 60 cm 

Socks 
 

Cotton (83) 13 miki house, 0 - 3 months, 9 - 10 cm 

  
Nylon (16) 

  

  
Polyurethane (1) 

  
Winter season 

    
Diaper 

  
25 Pampers swaddlers, 0 - 3 months 

Underwear Long sleeve rompers Milling cotton (100) 48 miki house, 0 - 3 months, 60 cm 

Two-way coverall Long sleeve rompers Cotton (100) 133 miki house, 0 - 3 months, 50 - 60 cm 

Coverall Long sleeve rompers Front fablic: polyester (100) 431 miki house, 0 - 3 months, 60 - 80 cm 

  
Back fablic: Cotton (100) 

  
Socks 

 
Acrylic (75) 19 miki house, 0 - 3 months, 9 - 10 cm 

  
Polyester (18) 

  

  
Nylon (5) 

  

  
Polyurethane (2) 

  
 

The experiment was carried out with the manikin in the posture shown in 
Figure 2. The set posture was the same as in the measurement of the clothing 
area factor by Kurazumi et al. [41]. It has been verified that the infant thermal 
manikin [30] and the human infant model [42] used by Kurazumi et al. [41] can 
be regarded as identical, in terms of geometry and heat transfer area [30]. 
Therefore, it is considered possible to use the infant’s clothing area factor [41] 
according to typical seasonal clothing combinations for the clothing area factor 
that is essential for the calculation of the clothing thermal insulation. 

To maintain the posture, the infant thermal manikin was positioned directly 
on a wooden frame with good air permeability and a support made of 5 mm 
bamboo material, 0.9 m above the floor in the exposure space. All surfaces of the 
manikin were open to the airflow, except for those that were in contact with each 
other. The surface of the thermal manikin was considered to be open to the at-
mosphere because the support rack had a small heat capacity and few parts were 
in contact with the infant thermal manikin. 

Kurazumi et al. [7] clarified that clothing thermal insulation is affected by 
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posture and air temperature. This study is positioned as a basic exploratory 
study to clarify the typical clothing thermal insulation of an infant. Table 3 
shows the set thermal environment conditions. The thermal environment condi-
tions were homogeneous, such that the mean radiant temperature was homoge-
neous with the air temperature at three different temperatures: 20˚C, 22˚C and 
24˚C. Air velocity (a still condition of current under 0.2 m/s) and relative hu-
midity (60% RH) were constant for all conditions. 

The thermal environment parameters measured were air temperature, humid-
ity, vertical temperature distribution, air velocity, and temperature of each sur-
face of the exposure space. Air temperature and humidity were measured with an 
Assmann ventilated psychrometer, air velocity with a non-directional hot-bulb 
anemometer, and vertical temperature distribution and surface temperature of 
each surface in the exposure space with a 0.2 mmφ T-type thermocouple with a 
measurement interval of 5 seconds. Vertical temperature distributions were 
measured at heights of 0.0, 0.1, 0.3, 0.6, 0.9, 1.2, 1.5, 1.7, 2.0 and 2.2 m above the 
floor surface. 

The surface temperature and heat loss were measured as the conditions on the 
infant thermal manikin side. For surface temperature and heat loss, power con-
sumption was measured at a measurement interval of 5 seconds. The set thermal 
environment was maintained for at least 2 hours to ensure that the exposure 
space was in a steady state. The power level of the thermal manikin was then 
controlled to keep the surface temperature constant for more than 1 hour, such 
that it could reach a steady state. ISO 9920 [27] specifies an average skin tem-
perature of 32˚C - 34˚C for thermal manikins as the experimental condition for 
clo value. Oketani and Tokura [47] found that the skin temperature of infants is 
higher than that of adults. The skin thickness of infants is a half to a third of that 
of adults [48], so the skin temperature of infants is higher. Therefore, the surface 
temperature of the infant thermal manikin was set to 34˚C. 

 
Table 3. Experimental conditions. 

Clothing Air Temperature [˚C]: Ta Air Velocity [m/s]: Va Ralative Humidity [%]: RH Mean Radiant Temperature [˚C]: MRT 

Naked 20.0 
   

Naked 22.0 
   

Naked 24.0 
   

Summer 20.0 
   

Summer 22.0 
   

Summer 24.0 <0.2 =50 =Ta 

Mid-season 20.0 
   

Mid-season 22.0 
   

Mid-season 24.0 
   

Winter 20.0 
   

Winter 22.0 
   

Winter 24.0 
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After confirming that thermal equilibrium was established between the infant 
thermal manikin and the ambient environment, and that the set thermal envi-
ronmental conditions and the heat loss from the infant thermal manikin were in a 
steady state, the infant thermal manikin was exposed to the set thermal environ-
mental conditions for 70 minutes. The 60 minutes of data from 5 minutes after 
the start of the experiment to 5 minutes before the end, was used in the analysis. 

In this study, the significance probability was 5%. JMP 14.3 (SAS Institute Ja-
pan) was used for statistical analysis. 

3. Results and Discussion 

Before Table 4 shows the measurement results for the thermal environment 
conditions. The temperature for each experimental condition was controlled 
within a range of ±0.1˚C, with a deviation of about 0.2˚C. Relative humidity was 
controlled within a range of ±1.5% and with a deviation of about 8%. Although 
the surface temperature of the surrounding wall surfaces had a difference of 
about 1˚C from the floor surface temperature, it was almost identical to the air 
temperature. Since the angle factor of the infant is not known, it is not possible 
to determine an exact mean radiant temperature, but the surface area-weighted 
mean radiant temperature was almost identical to the air temperature. Figure 4 
shows the vertical air temperature distribution, including air temperature and 
floor/ceiling surface temperature. The air temperature range was within 1˚C. Air 
velocity was under 0.2 m/s throughout the experiment. The thermal environment 
during each experiment generally satisfied the set conditions. ISO 9920 [27] states 
that the experimental conditions for the clo value are the difference between the 
air temperature and the mean radiant temperature within 5˚C, where air velocity 
is a calm airflow, and relative humidity is from 10% to 70% with no variation 
during the experiment. Therefore, it can be said that the validity of calculating the 
clothing thermal insulation by the results of this experiment was verified. 

 
Table 4. Results of thermal conditions. 

Clothing 
Air  

Temperature [˚C]: 
Ta 

Air Velocity  
[m/s]: Va 

Ralative  
Humidity [%]: 

RH 

Floor  
Temperature [˚C]: 

Tf 

Wall  
Temperature [˚C]: 

Tw 

Ceiling  
Temperature [˚C]:  

Tc 

Mean Radiant 
Temperature [˚C]: 

MRT 

Naked 20.14 ± 0.05 0.03 ± 0.02 52.89 ± 0.45 19.70 ± 0.03 20.28 ± 0.05 19.95 ± 0.05 20.12 ± 0.03 

Naked 22.12 ± 0.06 0.05 ± 0.04 53.67 ± 0.61 21.24 ± 0.05 22.26 ± 0.07 22.15 ± 0.07 22.06 ± 0.06 

Naked 24.16 ± 0.08 0.03 ± 0.03 57.57 ± 0.84 23.10 ± 0.05 24.30 ± 0.07 24.71 ± 0.17 24.16 ± 0.09 

Summer 20.01 ± 0.06 0.02 ± 0.02 54.29 ± 0.55 19.39 ± 0.05 20.22 ± 0.05 19.79 ± 0.04 19.99 ± 0.05 

Summer 22.06 ± 0.07 0.03 ± 0.02 53.69 ± 0.38 21.53 ± 0.07 22.14 ± 0.08 21.94 ± 0.06 22.00 ± 0.07 

Summer 24.14 ± 0.05 0.02 ± 0.02 56.10 ± 0.70 22.89 ± 0.06 24.24 ± 0.06 24.15 ± 0.09 23.98 ± 0.07 

Mid-season 20.11 ± 0.05 0.03 ± 0.03 54.16 ± 0.97 19.31 ± 0.06 20.16 ± 0.05 19.84 ± 0.06 19.95 ± 0.06 

Mid-season 22.04 ± 0.05 0.03 ± 0.02 48.76 ± 1.15 21.03 ± 0.09 22.10 ± 0.05 21.97 ± 0.05 21.89 ± 0.06 

Mid-season 24.13 ± 0.07 0.03 ± 0.03 47.83 ± 0.69 23.05 ± 0.19 24.22 ± 0.09 24.14 ± 0.10 24.00 ± 0.11 

Winter 19.98 ± 0.07 0.03 ± 0.03 55.73 ± 0.62 19.61 ± 0.09 20.09 ± 0.07 19.78 ± 0.06 19.95 ± 0.07 

Winter 22.13 ± 0.05 0.03 ± 0.02 57.93 ± 0.54 21.40 ± 0.06 22.24 ± 0.05 22.04 ± 0.05 22.05 ± 0.05 

Winter 24.15 ± 0.05 0.02 ± 0.02 54.72 ± 1.30 23.06 ± 0.09 24.16 ± 0.07 24.08 ± 0.05 23.95 ± 0.07 
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Figure 4. Distribution of vertical air and surface temperature 
in exposure space. 

 
The thermal insulation in the naked state (Ia), thermal insulation in the 

clothed state (It) and clothing thermal insulation (Icl) are shown in Figure 5. The 
thermal insulation in the naked state (Ia) was 0.51 clo when the operative tem-
perature was 20.14˚C. At 22.12˚C, it was 0.50 clo. At 24.16˚C, it was 0.51 clo. No 
significant differences in operative temperature were observed. Kurazumi et al. 
[7] found that the higher the operative temperature, the smaller the difference 
with the surface temperature of the thermal manikin, which has the effect of re-
ducing the driving force of natural convection. In other words, they found that 
when the natural convection driving force is reduced, the updraft flow along the 
surface of the thermal manikin slows and the thermal boundary layer becomes 
thicker. However, in the temperature range of this study, no temperature de-
pendence was observed in thermal insulation in the naked state. The significance 
of the regression coefficients of the regression equation was tested by ANOVA 
(p = 0.73) and the result was p > 0.05, so the slope of the regression equation was 
judged not to be valid. Therefore, the thermal insulation of the naked body (Ia) 
can be expressed by an average value of 0.51 clo. 

The thermal insulation in the clothed state (It) was 0.72 clo when the operative 
temperature of summer clothing was 20.01˚C. At 22.06˚C, it was 0.71 clo. At 
24.14˚C, it was 0.73 clo. No significant differences in operative temperature were 
observed. As in the case of the naked body, the results showed no temperature 
dependence on thermal insulation in the clothed state (It). The significance of 
the regression coefficients of the regression equation was tested by ANOVA (p = 
0.42) and the result was p > 0.05, so the slope of the regression equation was  
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Figure 5. Relation between operative temperature and thermal 
insulation. Ia is thermal insulation of naked infant thermal 
manikin. It is thermal insulation of clothed infant thermal ma-
nikin. Icl is clothing thermal insulation. 

 
judged not to be valid. Therefore, the thermal insulation of the clothed body (It) 
can be expressed as an average value of 0.72 clo. This was 0.92 clo when the 
operative temperature of mid-season clothing was 20.10˚C. At 22.04˚C, it was 
0.92 clo. At 24.13˚C, it was 0.92 clo. No significant differences in operative tem-
perature were observed. As in the case of the naked body, the results showed no 
temperature dependence on thermal insulation in the clothed state (It). The sig-
nificance of the regression coefficients of the regression equation was tested by 
ANOVA (p = 0.35) and the result was p > 0.05, so the slope of the regression 
equation was judged not to be valid. Therefore, the thermal insulation of the 
clothed body (It) can be expressed by an average value of 0.92 clo. This was 1.28 
clo when the operative temperature of winter clothing was 19.98˚C. At 22.13˚C, 
it was 1.32 clo. At 24.15˚C, it was 1.26 clo. No significant differences in operative 
temperature were observed. As in the case of the naked body, the results showed 
no temperature dependence on thermal insulation in the clothed state (It). The 
significance of the regression coefficient of the regression equation was tested by 
ANOVA (p = 0.80) and the result was p > 0.05, so the slope of the regression 
equation was judged not to be valid. Therefore, the thermal insulation of the 
clothed body (It) can be expressed by an average value of 1.29 clo. 

The clothing thermal insulation (Icl) was 0.30 clo when the operative temper-
ature of summer clothing was 20.07˚C. At 22.09˚C, it was 0.30 clo. At 24.15˚C, it 
was 0.31 clo. No significant differences in operative temperature were observed. 
This was 0.57 clo when the operative temperature of mid-season clothing was 
20.12˚C. At 22.08˚C, it was 0.57 clo. At 24.14˚C, it was 0.56 clo. No significant 
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differences in operative temperature were observed. This was 1.12 clo when the 
operative temperature of winter clothing was 20.06˚C. At 22.12˚C, it was 1.05 
clo. At 24.15˚C, it was 0.99 clo. No significant differences in operative tempera-
ture were observed. No temperature dependence was observed for any of the 
clothing conditions. The significance of the regression coefficient of the regres-
sion equation for clothing thermal insulation (Icl) was tested by ANOVA and the 
result was p = 0.37 for summer clothing, p = 0.22 for mid-season clothing, and p 
= 0.79 for winter clothing. All were p > 0.05, so the slope of the regression equa-
tion was judged not to be valid. Therefore, the clothing thermal insulation (Icl) 
was 0.30 for summer clothing, 0.57 for mid-season clothing, and 1.02 for winter 
clothing. 

Experiments on the clothing thermal insulation (Icl) using a thermal manikin 
require accurate determination of the temperature of the outer surface of the 
clothing and consideration of the fact that the temperature of the outer surface 
of the clothing is lower than the surface temperature of the naked body. Howev-
er, within the scope of this study, the difference between naked body surface 
thermal insulation and clothing outer surface thermal insulation cannot be ac-
curately determined. In order to obtain the true value of the physical clothing 
thermal insulation in an experiment using a thermal manikin, it is essential to 
accurately determine the temperature of the outer surface of the clothing. How-
ever, in this study, it was judged to be possible to examine the difference of 
clothing within a certain range by relative comparison of clothing thermal insu-
lation (Icl) without examining the difference between naked body surface ther-
mal insulation and clothing outer surface thermal insulation, because the ther-
mal environmental conditions were exactly the same. 

In an example of experimental research attempting to clarify the clothing 
thermal insulation (Icl) of infants aged 0 - 12 months, Fukazawa et al. [25] used a 
thermal manikin in a standing position for infants aged 6 - 12 months. In Fuka-
zawa et al. [25], clothing thermal insulation for the summer combination of 
short sleeves with T-shirt and short trousers was 0.46 clo. Clothing thermal in-
sulation (Icl) for the mid-season combination of undershirt with socks, sweat-
shirt, and thin trousers was 0.52 clo. Clothing thermal insulation (Icl) for the 
winter combination of undershirt with socks, long sleeve shirt, vest, jumper, and 
thick trousers was 2.22 clo. Fukazawa et al. [25] planned an experiment with a 
combination of clothing according to the study region but considered the cloth-
ing condition to be excessive. The infant’s clothing thermal insulation (Icl) in this 
study does not differ significantly from the summer and mid-season clothing 
thermal insulation (Icl) of Fukazawa et al. [25], but a significant difference is ob-
served for winter clothing. The winter clothing combination in Fukazawa et al. 
[25] consisted of about one more outer garment compared to that of this study. 
As Kurazumi et al. [41] pointed out, there may be an effect of the markedly 
smaller clothing area factor (fcl) of the clothing used in the study by Fukazawa et 
al. [25]. In addition, differences in posture and the degree of fit of the clothing 
may have an effect. Olesen et al. [3] and Nishimura et al. [4], who studied adults, 
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found that the clothing thermal insulation (Icl) in a chair-seated position was 
about 15% lower than that in a standing position. Similarly, Kurazumi et al. [7], 
who studied adults, found the reduction to be around 28%. In other words, al-
though there are differences in the material of the clothing and the clothing 
combinations, it can be inferred that posture also has a pronounced influence. 
Therefore, when designing and evaluating thermal environments, it is essential 
to consider clothing conditions, taking into account differences in posture, and 
to define the clothing thermal insulation (Icl). 

Normally, infant’s clothing is considered to be slightly large and to have a lot 
of ease. The seasonal clothing determined in this study is useful data for ex-
amining the thermal environment of infants. 

4. Conclusions 

It is not ethical to conduct experiments on infants regarding thermal environ-
ments based on heat balance. Therefore, experiments and simulations using a 
human thermal model may be feasible by clarifying the human body coefficient 
values of infants. Moreover, accumulation of human body coefficient values is 
indispensable for the control of an infant thermal manikin by heat balance. In 
this study, for the purpose of clarifying the clothing thermal insulation (Icl) of a 
typical combination of clothing for infants, the clothing thermal insulation (Icl) 
of summer, mid-season and winter clothing was measured using an infant ther-
mal manikin. The clothing thermal insulation (Icl) of typical clothing combina-
tions for each season was 0.30 clo for summer clothing, 0.57 clo for mid-season 
clothing and 1.02 clo for winter clothing. This study clarified that it is essential 
to consider clothing conditions by taking into account differences in posture and 
to define clothing thermal insulation (Icl) when designing and evaluating thermal 
environments. When designing and evaluating an infant’s thermal environment, 
it is essential to investigate using data from infants. 

The results of this research can be utilized in the development of clothing for 
infants. And it contributes to the universal design of the thermal environment 
plan. 
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