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Abstract 

Thermal manikins are used for testing the thermal insulation of different types of protective clothing. 
Data about thermal insulation is required when new protective clothes are designed or for the 
optimization of the existing ones. Thermal insulation usually plays an important role when researching 
or developing optimal protective clothing used in hot environmental conditions. The aim is to develop 
protective clothing that will ensure the lowest possible thermal load for the user. To get accurate 
information about thermal insulation, the measuring system for its determination should be stable. One 
of the possibilities is to use a thermal manikin presenting the anatomic shape of the human body. The 
measurement accuracy and stability of the measuring system based on the thermal manikin are 
investigated and assessed on the basis of statistical analysis. Accurate measurements can be ensured 
with statistics. Only accurate data has an application value for the industrial development. 
(Received in February 2016, accepted in June 2016. This paper was with the authors 1 month for 1 revision.) 
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1. INTRODUCTION 
 
Safety is not only the first component of values statement, but is always the first consideration 
in system design requirements, work practices and company policy. Knowledge, experience 
and knowhow are shared resources between the different applications to bring the best 
available solutions, when a high risk of suffering critical interaction with hazardous 
environment is present. To ensure reliable and safe systems different products or methods are 
available, for example: protection systems [1-3], safety sensors, controllers, scanners [4], 
correct design of devices (ergonomics) [5, 6], application of innovative principles [7], heat 
transfer simulation for cosmetic products [8], virtual human models [9] etc. 
      Thermal insulation is one of the most important parameters that should be considered 
when developing protective clothing intended for use in an extreme environment with high 
temperatures. It describes the amount of heat transfer through the layers of textile materials of 
which the particular protective clothing is made. 
      To determine thermal insulation a thermal manikin can be used, which best illustrates the 
anatomic shape of the human body. By using this measurement system, thermal insulation can 
be defined for an entire garment, for a clothing system or for a certain segment only 
(‘regional’). Regional thermal insulation is important when heat transfer through the layers of 
textile material only needs to be ensured in specific parts or segments of the garment. The 
thermal manikin that we used has 19 segments [2, 10-12]. By measuring the temperature and 
heat flow in the individual segments it is possible to define regional thermal insulation. 
      Thermal manikins have a long tradition. Representing the anatomic shape of the human 
body, they were first used in the early 1940s [11] when a simple one-segment manikin made 
from copper was used for the needs of the American army. The idea of development and 
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manufacture was based on testing firearms and protective equipment in World War II. After 
that, several more sophisticated manikins were developed [13, 14]. Nowadays there are more 
than 100 thermal manikins in use worldwide [15-18]. Each new example represents a 
significant improvement in technique and approach [19-23]. 
 
2. RESEARCH PROBLEM 
 
The most important result that we are looking for when carrying out tests using a thermal 
manikin is thermal insulation, which increases with each added textile layer inside the 
clothing system (Fig. 1). In order to convert the measurements into useful data, the thermal 
resistance (Rti) and total clothing thermal insulation value (Ii) can be calculated automatically 
for each of the nineteen segments separately or for all the segments together. 
 

 
Figure 1: Thermal insulation. 
 
      Thermal resistance of a particular manikin segment in clo is calculated as follows: 

𝑅𝑡𝑖 =
𝑇𝑠,𝑖−𝑇𝑎𝑚𝑏

0.155 𝑄𝑖
      (1) 

where: 
Ts,i  – surface temperature of a segment I (K) 
Tamb  – ambient temperature (K) 
Qi  – rate of heat transfer (Wm-2) 
0.155  – factor for conversion from (m2K W-1) to (clo) 
      The total clothing thermal insulation of a manikin segment in clo is calculated as follows: 

𝐼𝑖 =
𝐴𝑖(𝑇𝑠,𝑖−𝑇𝑎𝑚𝑏)

0.155 𝑄𝑖
      (2) 

where: 
Ai  – surface of the particular manikin segment (m2).  
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      Measurements using a thermal manikin are very suitable for determining the thermal 
insulation of protective and working clothes. Since textile materials are not homogeneous, the 
same measuring conditions (ambient temperature and humidity) should be ensured every time 
when measurements are taken. It is also very important that the measuring system – in our 
case a thermal manikin – is stable. 
      For data capturing a suitable user interface was developed. The user interface is designed 
to ensure a good overview of all the crucial data, temperature and power. It enables simple 
and controlled testing according to the ISO 15831 (2004) [23] standard. Each of the nineteen 
segments communicates with the control unit and the data on the user interface is shown in 
real time (Fig. 2). If a failure occurs, the operator can see which segment is not functioning. 
 

 

Figure 2: Control panel of the TmpTelo interface. 
 
      The control panel presents all nineteen segments with measured regional temperatures. On 
the left side there is also a graphic presentation of reached temperature and current power (in 
% of the maximum possible load) conducted to a certain segment. The right-hand side allows 
measurements according to the ISO 15831 (2004) standard, with a documented report. 
      With this user interface, the measured results of each of the nineteen segments can be 
displayed in real time (Fig. 3). Any impact from the environment can be observed both while 
increasing the surface temperature and during measurement. All the measured data can be 
saved or printed out. 
      The heating of all the nineteen segments from ambient room temperature to a set 
temperature of 36°C is presented. The tags from 1 to 19 present the manikin segments and tag 
20 presents temperature of the environment. Due to the different masses and applied power, 
the segments are not heated at the same rates during the pre-heating phase. The measurement 
began in stable conditions. 
      The following four sets of thermal conditions with different clothes were tested using a 
thermal manikin (Fig. 4): 

1. Naked manikin 
2. Thermal manikin with underwear 
3. Firefighter clothing with flame retardant uniform 
4. Firefighter clothing with antibacterial protection 
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Figure 3: Graphical presentation of real time measurements. 
 

   
Figure 4: Thermal manikin – naked and dressed (with underwear and in a firefighter suit). 
 
      For the analysis of the problem, descriptive statistics and Paired sample t-test as 
multivariate analysis of variance were used. 
 
2. RESEARCH FRAMEWORK 
 
Using a thermal manikin, the temperature and heat flux were measured. Based on the known 
areas (cm2) of individual segments, the thermal resistance was calculated, Eq. (1). Then the 
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thermal insulation was calculated, Eq. (2) in units called clo (1 clo = 0,155 m2°C/W). Since 
the values of thermal insulation and temperature are in linear combination, the relationships 
between three variables were observed: temperature in linear combination with thermal 
insulation, heat flow and thermal power (Fig. 1). Fig. 1 presents our overall research 
framework concerning the system reliability and validity for thermal insulation through two 
hypotheses stated in the null form. Since the heat flow and the thermal power are in complete 
linear combination (correlation =1), only two hypotheses stated in the null form were tested: 

Hypothesis 1: There is a strong and positive relationship between temperature and heat flow. 
Hypothesis 2: There is a strong and positive relationship between temperature and power. 
 

 
Figure 5: Conceptual framework. 
 
3. METHODOLOGY 
 
The presented research was divided into the following phases: 
 a wide-ranging data collection was performed on the 19 observed segments of the thermal 

manikin, measuring three values: temperature, heat flow and power. Seventy-five 
measurements were performed on a naked manikin, 122 on a thermal manikin with 
underwear, 132 on a manikin dressed in firefighter clothes with a flame retardant and 150 
measures on a manikin dressed in firefighter clothes with antibacterial protection; 

 the research hypotheses were tested using SPSS statistical program package; 
 the resulting data was subjected to reliability and validity analyses to determine the 

measurement properties, and then analysed using uni- and multivariate statistical 
techniques. 

      Since the aim of quantitative research is to get familiarized with the concept to be studied 
and to generate the hypothesis to be tested, the emphasis of research was put on: 

a. the facts and causes of behaviour [24], 
b. the information in the form of numbers that can be quantified and summarized, 
c. the mathematical process used for analysing numerical data, 
d. the final result expressed in statistical terminology [25]. 

 

3.1  Measurement error 

The use of multiple variables and the reliance on their combination in multivariate techniques 
also draws attention to measurement error [26]. Measurement error is the degree to which the 
observed values are not representatives of the ‘true’ values. Measurement errors have many 
causes, ranging from data entry errors to the imprecision of the measurement and also the 
inability of respondents to provide information accurately. For this reason, all variables used 
in multivariate techniques can have some degree of measurement error. To assess the degree 
of error present in any measurement, the validity and reliability of the measure should be 
addressed. 
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3.2  Validity 

The validity of a measure refers to the extent to which it measures what is intended to be 
measured [27]. In other words, validity is the degree to which a measure accurately represents 
what it is supposed to do [26]. Ensuring validity starts with thorough understanding of what is 
to be measured and then making the measurement as ‘correct’ and accurate as possible. If 
validity is ensured, the researcher must still consider the reliability of the measurement. 
Validity does not guarantee reliability, and vice versa. A measure may be accurate (valid) but 
not consistent (reliable). Also, it may be quite consistent but not accurate. Thus, validity and 
reliability are two separate though interrelated conditions. 
 
3.3  Reliability 

Reliability is the degree to which the observed variable measures the ‘true’ value and is ‘error 
free’; it is, therefore, the opposite of measurement error [26]. In more formal terms, reliability 
is the extent to which a set of two or more indicators ‘share’ their measurement of a construct. 
The indicators of highly reliable constructs are highly intercorrelated, showing that they are 
all measuring the same latent construct. With decreased reliability, the indicators become less 
consistent and thus poorer indicators of the latent construct. Reliability can be computed as 
1.0 minus the measurement error. 
      Kirk and Miller [28] identify three types of reliability in quantitative research, which 
relate to: 
 the degree to which a measurement, given repeatedly, remains the same, 
 the stability of a measurement over time and  
 the similarity of measurements within a given time period. 

 
3.4  Paired sample t-test technique 

The Paired sample t-test is a technique that belongs to a group of multivariate analysis of 
variance [26]. Multivariate analysis of variance is the multivariate extension of the univariate 
techniques for assessing the differences between group means. The t-test assesses the 
statistical significance of the difference between two independent sample means. To 
determine whether the two messages are viewed differently (meaning that the treatment has 
an effect) a t statistic is calculated. The t statistic is the ratio of the difference between the 
sample means (µ1 – µ2) and their standard error. The standard error is an estimate of the 
difference between means to be expected because of a sampling error, rather than real 
differences between means. 
 

4. ANALYSIS AND RESULTS 
 
4.1  Descriptive statistics 

In the following Tables I to IV, researched variables for all four types of thermal conditions 
with different clothing (naked manikin, thermal manikin with underwear, firefighter clothing 
with a flame retardant and firefighter clothing with antibacterial protection) are explained by: 
 the minimum and maximum values, 
 the mean value of each variable, 
 the standard error and standard deviation. 
      As we can see in Tables I and II, there are some deviations within data on specific 
measuring points (marked in bold). 
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Table I: Naked manikin data. 

 
 

Table II: Manikin with underwear data. 

 
 

4.2  Paired sample t-test 
 
The basic idea of the Paired sample t-test is simple. If the treatment had no effect, the average 
difference between the measurements is equal to 0 and the null hypothesis holds. On the other 
hand, if the treatment did have an effect (intended or unintended), the average difference is 
not 0 and the null hypothesis is rejected. 
      The first analysis (Table V) performed on the naked manikin shows differences between 
the observed measurement points. Pairs 3, 6, 7, 9 and 15 show little correlation between 
temperature and heat flow, so for this first measurement set the null hypothesis cannot be 
accepted for all the measurement points. 
      A more specific view shows that for 12 measurement points, the null hypothesis can be 
accepted with 99 % probability but, as mentioned before, for other measurement points the 
hypothesis cannot be accepted. 
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Table III: Firefighter clothing with a flame retardant data. 

 
 

Table IV: Firefighter clothing with antibacterial protection data. 

 
 

      The analysis (Table VI) for the tests with the manikin with underwear gave better results, 
showing very high correlation between temperature and heat flow; consequently, the null 
hypothesis can be accepted with 99 % probability, except for pair 19. 
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Table V: Correlations between paired samples for the naked manikin. 

 N Correlation Sig. 

Pair 1 t1 & pw1 
Pair 2 t2 & pw2 
Pair 3 t3 & pw3 
Pair 4 t4 & pw4 
Pair 5 t5 & pw5 
Pair 6 t6 & pw6 
Pair 7 t7 & pw7 
Pair 8 t8 & pw8 
Pair 9 t9 & pw9 
Pair 10 t10 & pw10 
Pair 11 t11 & pw11 
Pair 12 t12 & pw12 
Pair 13 t13 & pw13 
Pair 14 t14 & pw14 
Pair 15 t15 & pw15 
Pair 16 t16 & pw16 
Pair 17 t17 & pw17 
Pair 18 t18 & pw18 
Pair 19 t19 & pw19 

75 
75 
75 
75 
75 
75 
75 
75 
75 
75 
75 
75 
75 
75 
75 
75 
75 
75 
75 

,365 
,407 
,070 
-,597 
-,532 
-,092 
,143 
-,217 
,090 
,386 
,406 
-,265 
-,338 
-,679 
-,028 
-,482 
-,422 
-,376 
,429 

,001 
,000 
,550 
,000 
,000 
,435 
,221 
,062 
,444 
,001 
,000 
,022 
,003 
,000 
,814 
,000 
,000 
,001 
,000 

 
Table VI: Correlations between paired samples for the manikin with underwear. 

 N Correlation Sig. 

Pair 1 t1 & pw1 
Pair 2 t2 & pw2 
Pair 3 t3 & pw3 
Pair 4 t4 & pw4 
Pair 5 t5 & pw5 
Pair 6 t6 & pw6 
Pair 7 t7 & pw7 
Pair 8 t8 & pw8 
Pair 9 t9 & pw9 
Pair 10 t10 & pw10 
Pair 11 t11 & pw11 
Pair 12 t12 & pw12 
Pair 13 t13 & pw13 
Pair 14 t14 & pw14 
Pair 15 t15 & pw15 
Pair 16 t16 & pw16 
Pair 17 t17 & pw17 
Pair 18 t18 & pw18 
Pair 19 t19 & pw19 

122 
122 
122 
122 
122 
122 
122 
122 
122 
122 
122 
122 
122 
122 
122 
122 
122 
122 
122 

-,996 
-,934 
-,539 
-,999 
-,993 
-,993 
-,973 
-,999 
-,990 
-,992 
-,997 
-,619 
-,265 
-,491 
-,277 
-,696 
-,637 
-,639 
-,098 

,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,003 
,000 
,002 
,000 
,000 
,000 
,285 

 
      Similar situation can be observed for the next analysis (Table VII) where firefighter 
clothing with a flame retardant was tested. Analysis results show high correlation for most 
pairs, except for pairs 3, 6, 8, 9 and 10. The last analysis (Table VII) shows test results of 
firefighter clothing with antibacterial protection. Since there is a very high correlation 
between temperature and heat flow, the null hypothesis can be accepted with a very high 
probability of 99 %. 
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Table VII: Correlations between paired samples for firefighter clothing with a flame retardant. 

 N Correlation Sig. 

Pair 1 t1 & pw1 
Pair 2 t2 & pw2 
Pair 3 t3 & pw3 
Pair 4 t4 & pw4 
Pair 5 t5 & pw5 
Pair 6 t6 & pw6 
Pair 7 t7 & pw7 
Pair 8 t8 & pw8 
Pair 9 t9 & pw9 
Pair 10 t10 & pw10 
Pair 11 t11 & pw11 
Pair 12 t12 & pw12 
Pair 13 t13 & pw13 
Pair 14 t14 & pw14 
Pair 15 t15 & pw15 
Pair 16 t16 & pw16 
Pair 17 t17 & pw17 
Pair 18 t18 & pw18 
Pair 19 t19 & pw19 

132 
132 
132 
132 
132 
132 
132 
132 
132 
132 
132 
132 
132 
132 
132 
132 
132 
132 
132 

-,728 
-,691 
-,156 
-,303 
-,404 
-,116 
-,422 
-,166 
-,136 
-,135 
-,288 
-,860 
-,853 
-,675 
-,817 
-,639 
-,469 
-,503 
-,447 

,000 
,000 
,073 
,000 
,000 
,186 
,000 
,056 
,121 
,123 
,001 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 

 
Table VIII: Correlations between paired samples for firefighter clothing with antibacterial protection. 

 N Correlation Sig. 

Pair 1 t1 & pw1 
Pair 2 t2 & pw2 
Pair 3 t3 & pw3 
Pair 4 t4 & pw4 
Pair 5 t5 & pw5 
Pair 6 t6 & pw6 
Pair 7 t7 & pw7 
Pair 9 t9 & pw9 
Pair 10 t10 & pw10 
Pair 11 t11 & pw11 
Pair 12 t12 & pw12 
Pair 13 t13 & pw13 
Pair 14 t14 & pw14 
Pair 15 t15 & pw15 
Pair 16 t16 & pw16 
Pair 17 t17 & pw17 
Pair 18 t18 & pw18 
Pair 19 t19 & pw19 

150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 

-,992 
-,995 
-,999 
-,989 
-,991 
-,991 
-,971 
-,993 
-,990 
-,987 
-,994 
-,997 
-,947 
-,939 
-,994 
-,998 
-,963 
-,967 

,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 

 

5. CONCLUSIONS 
 

The paper presents an attempt to evaluate the measurement accuracy and stability of a 
measurement system when determining thermal insulation. Thermal insulation is one of the 
most important parameters that we look for while carrying out tests using a thermal manikin. 
Since measurement with a thermal manikin is very suitable for determining the thermal 
insulation of protective and working clothes, we wanted to know how accurate and, 
consequently, how stable our system with the thermal manikin is. 
      Measurement accuracy and reliability, which can be, generally speaking, indicated as 
system stability, were assessed on the basis of statistical analysis. For the analysis of the 
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presented problem, descriptive statistics and the Paired sample t-test as multivariate analysis 
of variance were used. 
      The Paired sample t-test gave us a deeper insight into the system stability, which is the 
aim of our research. Performed analysis and research results show that the system is stable in 
the most part, but in some measuring points there were some deviations. 
      With regards to the present results, further research would be useful on weather a greater 
numerical sample or with more combinations of clothes to avoid demonstrated deviations. 
Also, minimizing the use of hazardous materials and promoting recycling is important. 
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