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1 Introduction

Metal casting workers are exposed to hot and humid work conditions due to the high
heat industrial work environment, which are mostly subjected to intensive phys-
ical workload, having significant thermal stress on the workers’ health (Krishna-
murthy et al. 2017). There are several environmental factors (temperature, humidity,
air velocity and radiation) and personal factors (clothing worn, muscular activity),
which affect the thermal ambiance of a person (The Six Basic Factors 2020). Figure 1
describes the factors affecting heat stress exposure among workers. One such impor-
tant factor is metabolic rate, which depends on the physical work activity performed
by an individual in a particular work environment. Human body produces heat even
at relaxed position and the rate at which heat is produced is expressed in terms of
metabolic rate (in Met); where 1 met is equal to 58.2 W/m2 (DEA3500 2020). In
foundries, there are various work activities such as high-heat furnace work oper-
ations, manual material handling, manual molding, and fettling operations, which
requires higher level of physical work activity. High-heat work environment imposes
thermal stress, which causes thermophysiological effects on the workers body (such
as rise in core body temperature, heart rate and increased sweating). An individual
involved in an intensive physical work builds up body heat, expressed in terms of
metabolic heat (in watts), which may be evaluated by multiplying the metabolic rate
with the body surface area (BSA).BSA is the calculated surface area of a humanbody,
which provides a better indication of metabolic mass than considering body weight
and body mass index, as it is least influenced by abnormal adipose mass (DuBois
and DuBois 1916). BSA estimate is beneficial in evaluating the energy requirements,
while performing heat stress analysis for particular environment, with higher ambient
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Fig. 1 Factors affecting the heat stress exposure among workers

temperatures. In high-heat work environment, evaluating BSA yields a better estima-
tion of the thermal environment suitability for the targeted audience; which yearns a
better estimation of the heat stress and thermal comfort evaluations (Ioannou et al.
2019; Zamanian et al. 2017). Its application includes evaluating the metabolic heat
generated from human body while performing a physical activity (ranging from light
to moderate), and evaluating cardiac index (which involves measuring the cardiac
output divided byBSA), which, in turn, yields better estimate for the effective cardiac
output and other medical investigations (DuBois and DuBois 1916; Gurney 2002).
Although there are also fewevidence thatBSAvalues are least accurate at certain situ-
ations (like extremes of weight, height), where Body Mass Index (BMI) may be a
better estimate (Adler et al. 2012). Similarly, basal metabolic rate (BMR) provides
an estimation for the daily energy expenditure requirements (in Kcal) for main-
taining healthy body weight based on the physical work activity level (McNab 1997;
Ballesteros et al. 2018). These estimates may be considered as an effective tool in
evaluating metabolic heat energy and further analyzing the thermal ambiance for a
work environment. The present study intends to evaluate different BSA estimates
from a group of casting workers followed by calculating the metabolic heat.

Furthermore, a comparative analysis between the estimates has also been
performed.

2 Methodology

In the present study, an anthropometric survey was conducted among 87 workers
employed in small- and medium-scale gray cast iron foundries located nearby
Chandigarh region in India, which were further used to evaluate the BSA and BMR
estimates using different expressions as described in Table 1. These estimates were
utilized in evaluating the metabolic heat generated during different physical work
activities and also the energy expenditure requirements for the targeted audience.
A descriptive and inferential statistics has been performed using IBM SPSS 26 on
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Table 1 Different expressions for evaluating body surface area (BSA) and basal metabolic rate
(BMR)

BSA Du-Bois and Du-Bois (1916) 0.20247 × H (in m)0.725 × W (in kg)0.425

Mosteller (1987) 0.016667 × H (in cm)0.5 × W (in kg)0.5

Haycock et al. (1978) 0.024265 × H (in cm)0.3964 × W (in
kg)0.5378

Boyd (1935) 0.0003207 × H (in cm)0.3 × W (in
grams)0.7285 − (0.0188 x log(weight))

Gehan and George (1970) 0.0235 × H (in cm)0.42246 × W (in kg)0.51456

BMR* Harris–Benedict 1919 (Harris and
Benedict 1918)

66.5 + (13.75 × W (in kg)) + (5.003 × H
(in cm)) − (6.755 × A (in years))

Harris–Benedict 1984 (Roza and
Shizgal 1984)

88.362 + (13.397 × W (in kg)) + (4.799 ×
H (in cm)) − (5.677 × A (in years))

Harris–Benedict 1990 (Mifflin et al.
1990)

(10 × W (in kg)) + (6.25 × H (in cm)) − (5
× A (in years)) + 5

*For male participants; H: Height; W: Weight; A: Age

Fig. 2 Work flowchart for
the present study

the BSA and BMR estimates. Figure 2 describes the work flowchart for the present
study.

2.1 Body Surface Area (BSA) and Basal Metabolic Rate
(BMR)

There are various mathematical expressions available based on previous research
studies that may be utilized in determining the BSA estimates (generally expressed
inm2) involving indirect measurements utilizingweight (in kilograms) and height (in
centimeters). One such frequently used expression is Du-Bois BSA estimate (DuBois
and DuBois 1916). There are few other expressions, which are also commonly used
including Mosteller, Gehan-George, Haycock, and Boyd BSA estimates (Mosteller
1987; Haycock et al. 1978; Boyd 1935; Gehan and George 1970; Shuter and Aslani
2000; Fujimoto et al. 1968; Schlich et al. 2010; Lipscombe 2020). Basal metabolic
rate presents the energy expenditure requirements based on several factors like age,
weight, and height. Most widely used BMR expression is given by Harris-Benedict
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(Harris and Benedict 1918; Harris 1919), which was further modified by other
researchers during later time frame (Roza and Shizgal 1984; Mifflin et al. 1990).
Table 1 depicts the different BSA and BMR expressions used in this study.

2.2 Anthropometric Survey

In this current study, an anthropometric survey was conducted among 87 foundry
workers to measure anthropometric variables such as stature and weight, which
were further utilized to evaluate the BSA using Du-Bois and other available BSA
expressions. Similarly, BMR estimations were calculated based on the three BMR
expressions. Further, statistical analysis was performed on the evaluated data using
descriptive analysis, scatter plots, and Pearson product–moment relationship.

2.3 Metabolic Rate

ISO 8996 standard provides information about the metabolic rate (in W/m2) based
on the physical work activities/ job occupations (ISO 8996 2004). From the product
of the evaluated BSA estimates and metabolic rate, the metabolic heat generated (in
watts) from the analyzed subject may be evaluated. This estimationmay be beneficial
in performing further heat stress analysis for a particular work environment, yielding
better results. Table 2 describes the metabolic rate for workers employed in high
heat work environments like iron and steel casting industries, based on the ISO 8996
standard.

Table 2 Metabolic rate
based on the ISO 8996
standard (ISO 8996 2004)

Serial number Work occupation Metabolic rate (W/m2)

1 Blast furnace
worker

170–220

2 Electric furnace
worker

125–145

3 Hand molding
worker

140–240

4 Machine molding
worker

105–165

5 Foundry man 140–240
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3 Results and Discussion

The descriptive analysis was performed using IBM SPSS 26.0 software package.
Table 3 depicts the mean and standard deviation for the weight, age, height, BMI,
and Du-Bois body surface area. The descriptive statistics results for the evaluated
BSA expressions have been shown in Table 4, whereas Table 5 describes the results
for three different BMR expressions (in Kcal/min). The average body mass index
(BMI) was found to be 23.62 kg/m2 (ranging between 17.52 and 30.76 kg/m2) and
workers’ average BSA based on the Du-Bois estimation was found to be 1.7795 m2

ranging between (1.467 and 2.124 m2).
Further, Pearson’s product-moment correlation analysis was performed on the

considered BSA and BMR estimates separately (as described in Tables 6 and 7).
From the results, it was observed that there was a strong association between the
Du-Bois and Mosteller BSA estimates (correlation coefficient (r) = 0.993, at 0.01
significance level). Du-Bois BSA estimate was also found to be strongly correlated
with other BSA estimates. Although the BMI index showed a better association

Table 3 Descriptive statistics for analysed variables

Serial number Variables (N = 87) Mean SD Range

1 Weight (Kg) 67.91 9.735 46.2–92.4

2 Age (years) 37.97 9.318 22–56

3 Height (m) 1.695 0.0624 1.536–1.833

4 BMI (Kg/m2) 23.62 3.150 17.52–30.76

5 Du-Bois BSA (m2) 1.7795 0.1350 1.467–2.124

Table 4 Descriptive statistics results for BSA expressions(in M2)

(N = 87) Mean SD Range

Du-Bois 1.7795 0.13502 1.47–2.12

Mosteller 1.7845 0.14456 1.44–2.15

Haycock 1.7902 0.15071 1.43–2.17

Gehan_George 1.7968 0.14631 1.45–2.17

Boyd 1.7986 0.15034 1.44–2.17

BMI 23.6222 3.150 17.52–30.76

Table 5 Descriptive statistics results for BMR expressions (in Kcal/day)

Serial number BMR expression Mean SD Range

1 BMR_1919 1528.08 123.389 1265.99–1706.60

2 BMR_1984 1534.03 115.73 1293.68–1704.43

3 BMR_1990 1504.08 98.61 1294.38–1640.63
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Table 6 Correlations analysis among evaluated BSA expressions

(N = 87) Du-Bois Mosteller Haycock Gehan Boyd BMI

Du-Bois 1 0.993* 0.986* 0.988* 0.978* 0.641*

Mosteller 0.993* 1 0.999* 0.999* 0.996* 0.727*

Haycock 0.986* 0.999* 1 1.000* 0.999* 0.761*

Gehan 0.988* 0.999* 1.000* 1 0.998* 0.750*

Boyd 0.978* 0.996* 0.999* 0.998* 1 0.785*

BMI 0.641* 0.727* 0.761* 0.750* 0.785* 1

*Correlation is significant at the 0.01 level (2-tailed)

Table 7 Correlations
analysis among BMR
expressions

BMR_1919 BMR_1984 BMR_1990

BMR_1919 1 0.998* 0.990*

BMR_1984 0.998* 1 0.988*

BMR_1990 0.990* 0.988* 1

*Correlation is significant at the 0.01 level (two-tailed)

(r = 0.785) with the Boyd expression as compared with other BSA expressions.
The correlation analysis among various evaluated BMR expressions yielded a better
relationship for the widely used Harris-Benedict BMR expression with the revised
BMR expressions (i.e. BMR-1984 (r = 0.998); BMR-1990 (r = 0.990); at 0.01
significance level).

The scatterplots and regression line indicating the relationship between Du-Bois
and different BSA (in m2) estimates and relationship between different BMR (in
Kcal/day) estimates have been shown in Figs. 3 and 4, respectively. The coeffi-
cient of determination (R2) value showed a strong goodness of fit between the Du-
Bois and Mosteller estimates (R2 = 0.986). Similarly, strong goodness of fit was
observed between the Harris-Benedict and revised BMR expression (R2 = 0.996).
The respective BSA and BMR estimates were utilized in evaluating the metabolic
heat generated during different physical work activities (based on the metabolic rate
for specific foundry work activities, according to ISO 8996 standard) and also the
energy expenditure requirements (based on moderate physical activity level equal to
1.76) (United Nations University, World Health Organization 2004) for the targeted
audience, which may be considered beneficial for conducting thermal stress evalu-
ations in that particular high-heat work environment. Table 8 depicts the calculated
metabolic heat (in watts) for different work profiles based on the evaluated BSA
estimates, whereas Table 9 shows the energy expenditure requirements (at moderate
level activity) for different BMR expressions. From the results, it may be concluded
that the highest metabolic heat was observed for the hand molding and foundry man
work profiles (upper limit (UL) varying between 427.08 and 431.66 W) followed
by blast furnace work (upper limit (UL) = 391.49 to 395.69 W) based on Du-
Bois expression. However, Boyd BSA expression yielded the highest metabolic heat
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Fig. 3 Scatterplot indicating the relationship betweenDu-Bois and different BSA (inm2) estimates

Fig. 4 Scatterplot indicating the relationship between different BMR (in Kcal/day) estimates

values among all work profiles. Similarly, based on theBMRexpressions, the average
daily energy expenditure requirements to maintain healthy body weight were found
varying between 2647.18 kcal and 2699.89 kcal for moderate-level physical activity
(Table 9).

4 Conclusions

The current study intended to perform a comparative analysis for four different BSA
estimates with the widely used Du-Bois BSA estimate and also evaluating the daily
energy expenditure requirements based on the basal metabolic rate (BMR) among
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Table 8 Calculated metabolic heat (in watts) based on different BSA estimates

Metabolic heat (in watts)
based on BSA estimates →

Du-Bois Mosteller Haycock Gehan_George Boyd

Work profile↓
Blast furnace
worker
(170–220 W/m2)

LL 302.52 303.36 304.34 305.46 305.76

UL 391.49 392.59 393.85 395.31 395.69

Electric furnace
worker
(125–145 W/m2)

LL 222.44 223.06 223.77 224.60 224.82

UL 258.03 258.75 259.58 260.54 260.79

Hand molding
worker
(140–240 W/m2)

LL 249.13 249.83 250.63 251.56 251.80

UL 427.08 428.28 429.65 431.24 431.66

Machine moulder
worker
(105–165 W/m2)

LL 186.85 187.37 187.97 188.66 188.85

UL 293.62 294.44 295.39 296.48 296.77

Foundry man
(140–240 W/m2)

LL 249.13 249.83 250.63 251.56 251.80

UL 427.08 428.28 429.65 431.24 431.66

LL: Lower limit, UL: Upper limit

Table 9 Energy expenditure requirements (moderate level activity) for BMR expressions (in Kcal)

Serial number Energy expenditure at different BMR Mean SD Range

1 Energy_Expenditure_1919 2689.42 217.16 2228.14–3003.63

2 Energy_Expenditure_1984 2699.89 203.69 2276.87–2999.80

3 Energy_Expenditure_1990 2647.18 173.56 2278.10–2887.50

workers employed in small-scale foundries. From the results, it was concluded that
there was a strong association between the Du-Bois and Mosteller BSA estimates
(correlation coefficient (r) = 0.993, at 0.01 significance level). Although the BMI
index showed a better association (r = 0.785) with the Boyd expression as compared
to other BSA expressions. From the results, it was observed that there was a strong
association between the various BSA estimates (at significance level of 0.01). The
highest metabolic heat was observed for the hand molding work profile (upper limit
(UL) varying between 427.08 and 431.66 W) followed by blast furnace work (upper
limit (UL) = 391.49 and 395.69 W) based on the Du-Bois BSA expression, whereas
Boyd BSA expression yielded the highest metabolic heat values as compared to
other BSA expressions. Similarly, based on the BMR expressions, the average daily
energy expenditure requirements tomaintain healthybodyweightwere foundvarying
between 2647.18 and 2699.89 kcal. These BSA and BMR estimates may provide
a better indication of the metabolic heat generated and daily energy requirements
for workers involved in high work-load activities, particularly high heat work envi-
ronments. These estimates may be helpful in; conducting in-depth thermal stress
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analysis for high-heat work environments, CFD-based thermal comfort studies for
an industrial work environment and so on, which, in turn, yields better evaluation of
particular thermal environment suitability for the targeted audience.
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