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ABSTRACT 

 

Occupational heat stress is one of the main causes of health-related risks in the mining industry. 

Heat stress can cause heat strokes, heat exhaustion, hyperthermia and sometimes even death. 

Therefore, the importance of monitoring heat stress and using cooling technologies in a mine is 

critical to mitigating these occupational health risks.  

Heat stress is conventionally monitored using stress indices. The estimation of stress indices 

requires measuring dynamically changing parameters, which imposes a challenge to monitoring 

stress. Core body temperature (CBT) has proven to be a relevant proxy for heat stress. However, 

measuring CBT is an invasive technique that may not always be feasible.  

In the first part of this study, we identify two easily and non-invasively measurable physiological 

parameters: heart rate (BPM) and urine-specific gravity (USG). Further, we relate these parameters 

to CBT. We also investigate the dependence of these parameters on miners' physiological 

parameters, such as use of energy drinks and the body mass indices (BMI). Our findings show a 

strong correlation between CBT and heart rate(Pearson Correlation >0.4), rendering the latter as a 

useful tool to monitor heat stress. The intake of energy drinks shows causation to increase 

dehydration (p value=0.049). 

Furthermore, in the second part of this study, we investigate how to reduce the risk of heat stress 

in mine operators. In order to evaluate limiting factors, we examine the amount of heat absorbed 

by hardhats of different colors, where our findings are that white hardhats are best at absorbing 

minimal energy (15F less than black hardhats). Additionally, we study the performance of three 

commercial cooling vests and a combination set (i.e., evaporative cooling cap and sleeves) in 

reducing perceptual heat strain (23% of improvement in Physical Strain Alleviation wearing 

evaporative vest). We find that the overall perceived heat stress index of mine operators is 

considerably less with cooling devices. 
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CHAPTER 1 

INTRODUCTION 

Scope of the problem 

One of the major risk factors encountered by operators in the mining industry is heat stress, which 

can lead to heat stroke, heat exhaustion, heat cramps, hyperthermia, and at times even death. Heat 

stress is one of the most feared weather-related health hazards in the United States [1]. Studies 

have shown a rise in the number of heat stress-related work-place injuries [1-2].  

Heat stress is an increased heat storage in the body as a result of several factors, including body 

metabolism, environmental conditions (heat sources and ventilation in the mine), work activity 

(heavy physical labor), and clothing (poorly ventilated clothes, color of clothing). These 

aforementioned risks cause an increased body temperature, heart rate, and dehydration [3], which 

comprise the three major aspects of heat stress.  

Currently, the most prevalent techniques for monitoring heat stress are various forms of Heat Stress 

Indices (HSI) [4-5]. The most common HSIs are Wet-Bulb Globe Temperature (WBGT) and 

Predicted Heat Strain (PHS), Thermal Work Limit (TWL), Environmental Stress Index (ESI) and 

Wet-Bulb Dry Temperature (WBDT) [5]. In the case where the monitoring device is unavailable, 

the mines have the option of applying perceptual heat indices like Physical Strain Alleviation 

(PSA), Perceptual Heat Strain Index (PeSI), Perceived Cooling Time (PCT) [6]. However, several 

known limitations make it difficult to sustain both forms of monitoring.  

Many parameters involved in the calculations of perceptual heat indices are dynamically changing 

quantities, such as physiological parameters, environmental conditions, and diet and sleep activity 

of the operators [4,5]. In a number of these listed parameters, dynamic monitoring typically is a 

challenge, and the measurements include a number of inaccuracies. 

Study specific hypothesis 

The purpose of this research is to: (i) Estimate the correlation of CBT with heart rate and USG. 

Heart rate is measured using two different heart rate monitors; (ii) Study the dependence of CBT 

and heart rate on hydration; (iii) Study the dependence of these heat stress parameters on miners’ 

physiological parameters such as intake of energy drinks; (iv) Study the perceptual effects of 
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cooling vests and other devices; and (v) Evaluate the relationship between heat absorbed by 

hardhats and their color. 

The hypotheses tested in this study are as follows: 

1 The heart rate has a strong correlation with CBT and hence is a useful tool to monitor heat 

stress. 

2 Miners who consume energy drinks are more likely to be dehydrated. 

3 Using various cooling devices in hot mining environments reduces the severity and perception 

of heat stress.  

4 Hardhats of the same material, but different colors absorb different amounts of heat. Black 

hardhats absorb the maximum, while white ones were more comfortable for the wearer and 

transmitted the least amount of heat. 

 

This study calculates the correlation between the core body temperature (CBT) and heat stress. To 

estimate CBT, measurements of the core body temperature are first collected. This is possible via 

available, ingestible real-time thermometer pills that can measure the CBT with an accuracy of 

±0.1°C [7]. However, this technique is invasive and is more labor intensive, so it requires 

additional manpower to put in practice and may not be feasible at every mine [8]. 

The above dilemma calls for the development of a non-invasive technique to monitor heat stress. 

In this study, we identify two easily and non-invasively measurable physiological parameters that 

are indicative of the heat stress, namely the heart rate and the urine-specific gravity (USG). The 

USG measures the degree of hydration in the body [9-10]. In this work, we attempt to investigate 

the correlation of measurable physiological parameters, i.e., the heart rate and the urine-specific 

gravity, with reliable measurements of heat stress (i.e., the core body temperature). Additionally, 

we investigate the dependence of these heat stress parameters on miners' physiological parameters, 

such as use of energy drinks and the Body Mass Indices (BMI) [10]. 

Furthermore, in the second part of this study, we investigate how to limit heat stress. An effective 

way to reduce the heat accumulated in the body is to improve the microclimate of the person. 

Ventilation, color of clothing and additional cooling devices all have an effect on this 

microclimate. In this study, we investigate the amount of heat absorbed by hardhats of different 
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colors with respect to a reference white hardhat. As well, the performance of three commercial 

cooling vests and a combination set of an evaporative cooling cap and sleeves in reducing stress 

will be compared. We conducted our field study in surface mines of Arizona, measuring the 

perceptual responses of miners.  

The cooling vests are worn at the hottest point of the day without disturbing the participants’ 

regular daily routine. We collected the subjective ratings on the equipment being tested: perceived 

cooling effect, perceived sweating rate, comfort sensation, perceived weight of the vest and 

perceived cooling time.  

Wearable monitoring technologies 

Ingestible CorTemp is a sensor in a shape of a pill that transmits core body temperature as it 

travels through the digestive tract. The sensor’s signal passes harmlessly through the body to the 

CorTemp Data Recorder worn on the outside of the body. The sensor is accurate to ± 0.1°C and is 

FDA cleared and registered as a single-use device [7]. 

CorTemp Data Recorder wirelessly picks up the signal from the CorTemp sensor and converts 

the signal in digital format. It displays temperature in real time and stores data for download and 

later analysis [7]. 

Polar chest strap heart rate sensor monitors the heart rate with the highest accuracy and connect 

your heart rate to various training devices via Bluetooth® and ANT+. It uses ECG-type sensors to 

detect the electrical activity of the heart to provide your BPM reading. The data was extracted from 

the CorTemp data recorder [11]. 

Fitbit is a multi-sensor activity monitor which has an accelerometer and built-in optical sensor 

which uses the “PurePulse” wrist heart rate technology to measure heart rate at the wrist. The 

data was exported from the Fitbit App [12-13]. 

Wearable cooling technologies 

Evaporation set (ES) is a combination of an evaporative cap and cooling sleeves that need to be 

immersed in cold water in order to activate their cooling properties. The ES lasts for a maximum 

time interval of 20 minutes [14-15]. 
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Evaporative cooling vest (EV). Its working principle involves activating the airflow across the 

vest, where the heat of the body and the environment causes the water content of the vest to 

evaporate, and as a result, keeps the wearer cool [16]. 

Fan Vest (FV) injects air from four fans located at the bottom of the vest, which mechanizes the 

cooling. It utilizes a single lithium battery and can run for 8 hours [17].  

Phase-changing cooling vest (PCMV) utilizes a frozen, hydrated salt to absorb body heat. As the 

heat transfers from the warmer body to the frozen material, the phase-changing material will 

become liquid and warm to the temperature of the environment around it [18]. 

Perceptual Heat indices (PeSI, PSA, PCT) 

Perceptual heat strain index (PeSI). This quantity measures the perceptual heat stress based on 

the parameters of thermal sensation and the perceived exertion intensity. PeSI is a calculated value. 

In this study, we used the modified PeSI formula composed by Chan (Eq. (1)) [19]. The variation 

of the equation consists of redefining the range of scale of TS [6,20]. 

𝑃𝑒𝑆𝐼 = 5 ∗
𝑅𝑃𝐸

10
+ 5 ∗

(𝑇𝑆 − 1)

6
 (1) 

In Eq. (1), RPE is the rating of physical exertion from 0 to 10, and TS is a thermal sensation from 

1-7. 

Physical Strain Alleviation (PSA) measures the percentage of the alleviation generated by using 

a particulate cooling method based on the RPE parameter. This formula was defined by Yang and 

Chan in 2015 [6] (Eq. (2)). 

𝑃𝑆𝐴(%) =
𝑅𝑃𝐸𝑤𝑖𝑡ℎ –  𝑅𝑃𝐸𝑤𝑖𝑡ℎ𝑜𝑢𝑡 

 𝑅𝑃𝐸𝑤𝑖𝑡ℎ𝑜𝑢𝑡
∗ 100 (2) 

In Eq. (2), RPEwithout is the RPE after completing the first half of the job without wearing any 

cooling method. The RPEwith is the RPE after completing the second half of the job wearing the 

cooling method. PSA (%) is the resulting value expressed as a percent. 

Perceived Cooling Time (PCT) is a measurement of the perceived cooling time in hours by the 

participants. The equation proposed by Yang and Chan in 2015 [6] (Eq. (3)). 
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𝑃𝐶𝑇 𝑖(ℎ𝑜𝑢𝑟) =  0.5𝛼(𝑖)0.5 +  1.0𝛼(𝑖)1.0 + 1.5𝛼(𝑖)1.5 +  2.0𝛼(𝑖)2.0 + 2.5𝛼(𝑖)2.5  (3) 

We modified the equation according to the range of times established in our performance survey 

(Eq. (4)).  

𝑃𝐶𝑇 𝑖(ℎ𝑜𝑢𝑟) =  0.25𝛼(𝑖)0.25 + 0.5𝛼(𝑖)0.5 +  1.0𝛼(𝑖)1.0 + 1.5𝛼(𝑖)1.5 +  2.0𝛼(𝑖)2.0 + 3.0𝛼(𝑖)3.0  (4) 

In Eq. (3) and (4), PCTi is the cooling time while wearing a certain type of cooling method (i = 

"1" represent ES, i = "2" represent EV, i = "3" represent FV, i = "4" represent PCMV) and α 

represents the number of trials. 

Dissertation format 

The dissertation consists of two research manuscripts, which are included at the end of this 

document as appendices (Appendices A and B). The following is a summary of the objectives and 

most relevant findings of each manuscript: 

Manuscript # 1 - “Physiological measures of heat strain correlated to measures of heat stress 

(Heart Rate, Hydration Status, and Body Temperature)” 

The first manuscript (Appendix A) studies the Pearson correlation of two heat stress parameters, 

heart rate and the core body temperature. Further, the manuscript studies the dependence of these 

parameters on dehydration and intake of energy drinks.  

We found a strong correlation between core body temperature and heart rate; hence, heart rate is a 

good predictor of the level of heat stress. Additionally, the intake of energy drinks is found to 

increase the degree of dehydration in the miner’s body. This study was conducted in February 

2020. This manuscript tests Hypothesis 1 and 2. 

Manuscript # 2 – “The effects and perceptual responses of cooling technologies monitored 

during mining activity.” 

The second manuscript (Appendix B) studies and compares the influences of cooling technologies 

(cooling vests, evaporative cooling caps and sleeves) on the perceived temperature (a combined 

effect of air temperature, relative humidity, and speed of the air) of miners during the hottest time 

of their activities without disturbing their ordinary routine. We further study the dependence of 

heat absorbed by hardhats and their color. 



15 

 

 

We find that using these cooling devices perceptually reduces heat stress. Further, we found that 

white hardhat is the best suited to use in hot mines, as it absorbs minimum heat. This study was 

conducted in August 2019. This manuscript tests Hypothesis 3 and 4. 

CHAPTER 2 

CONCLUSIONS AND RECOMMENDATIONS 

Core temperature vs Heart Rate Correlation 

A significant correlation was quantified between the measured core body temperature and the heart 

rate of mine operators. The non-invasive nature of measuring the heartbeat rate renders this to be 

an important result, as this correlated data can act as a powerful predicting tool for the core body 

temperature, which in turn is a strong and direct indicator of heat stress in a miner’s body. 

Influence of Energy Drinks on Dehydration 

The various factors affecting the dehydration in a miner’s body were extensively studied by 

measuring the urine-specific gravity (USG). Observations concluded that the mine operators 

participating in the study had a high degree of dehydration. Also, there were significant increases 

in the level of dehydration in the participants that consumed energy drinks during the course of a 

shift as compared to those who did not. This observation emphasized the recommendation against 

the use of energy drinks and emphasizes hydration through consumption of water during a work 

shift.  

Any significant relationship between the core body temperature or the heart rate with the level of 

dehydration was not observed, indicating that dehydration is an independent parameter that 

requires monitoring to mitigate heat stress. 

Effect of Cooling Vests on Perceptual Heat Stress Index 

The dependence of the Perceptual Heat Stress Index on the kind of cooling vests used by mine 

operators performing a varied range of activities was quantified. A range of commercially 

available cooling vests were explored and tested. The result was that the Evaporative Cooling Vest 

is the preferred choice among the participants, based on the usability and convenience of the 

device. 
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Dependence of Temperature of Hardhat on Color 

A strong dependence was discovered between the temperature of the hardhats and their color. 

Darker hardhat colors yielded significantly high temperatures. This effect is not currently widely 

considered by mining operations; we suggest regulating the color of the hardhat as a health hazard 

mitigation measure for mine operators. 

Recommendations for Future Work and Research 

The strong correlation observed between core body temperature and heart rate encourages the use 

of predictive models and machine learning techniques to infer the core temperature (i.e., the 

invasively measurable quantity), using the measurement of the heart rate. 
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https://www.ergodyne.com/chill-its-6717ct-evaporative-cooling-hard-hat-neck-shade-cooling-towel.html
https://www.ergodyne.com/chill-its-6685-dry-evaporative-cooling-vest.html
https://www.ergodyne.com/chill-its-6260-ice-packs-for-lightweight-phase-change-cooling-vest.html
https://www.ergodyne.com/chill-its-6260-ice-packs-for-lightweight-phase-change-cooling-vest.html
http://www.chygoing.com/Products_detail.asp?ID=362
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“Physiological Measures of Heat Strain Correlated to Measures of 

Heat Stress (Heart Rate, Hydration Status, and Body Temperature)” 

Veronica Cordova ∙ Rustin Reed ∙ Moe Momayez 

Heat stress-related illnesses are a frequent occurrence in mine operators. The present range of heat 

stress monitoring techniques is either perceptually based or proved tedious and tends to interfere 

with the mine activities. Monitoring the core body temperature has proven to be an accurate 

indicator of heat stress level in a miner’s body. However, the invasive nature of this type of 

monitoring creates a non-sustainable and time-consuming method. The resulting problem calls for 

alternative methods of predicting heat stress levels that are non-invasive. This study monitors the 

core body temperature, heart rate, and urine-specific gravity in miner’s bodies during their regular 

mining activities. This study was performed for a total of approximately 80 work shifts undertaken 

by 17 miners in a hot Arizona mine and an average temperature of 76°C to 82°C. Additional 

monitoring of the hydration levels of the miners was collected in conjunction in order to determine 

that dehydration is a confirmed widespread occurrence in the miners that were studied. In order to 

estimate the level of heat stress based upon the heart rate measurement, the core body temperature 

can be related to the easily measurable heart rate using electrocardiogram(polar chest heart rate 

monitor belt) or optical(Fitbit) sensors. Quantities like the heart rate carry a significant correlation 

to the core body temperature (Pearson Correlation>0.4), which indicates that the non-invasive 

heart rate measurement can assist in predicting the core body temperature. As a result, easy 

monitoring of heat strain levels that is time-efficient, less invasive can be implemented on the 

ground at mine sites where the occurrences of heat stress-related illnesses are concentrated.  

Keywords: Dehydration∙ Mining Industry ∙ Core Temperature ∙ Heart Rate ∙ Energy Drinks 

 

1 Introduction 

Common methods of monitoring heat stress 

in mine operators include tracking various 

forms of Heat Stress Indices (HSI) [1-2]. The 

most common HSIs are Wet Bulb Globe 

Temperature (WBGT), Predicted Heat Strain 

(PHS), Thermal Work Limit (TWL), 

Environmental Stress Index (ESI), and Wet-

Bulb Dry Temperature (WBDT). Many 

parameters that enter PHS calculations [3-4] 

include dynamic measures, such as 

physiological and environmental conditions 

(e.g. diet and sleep activity of the operators). 

Several challenges increase the difficulty of 

sustaining these monitoring methods. 

Dynamic monitoring of these conditions 

presents a major challenge as inconsistent 

practices result in a number of inaccuracies 

[5]. 

Monitoring core body temperature has 

proven to be the most accurate method of 

estimating heat stress and complements HSIs 

[6]. However, the technique to evaluate this 

condition is invasive and requires the 

participant to ingest a telemetric pill, which 

then transmits data wirelessly. This method 

necessitates additional manpower that may 

not be feasible at every mine site, hence is not 

plausible as a sustainable way of monitoring 

heat stress [7-8].  

The issues of dynamic monitoring and 

invasive data collection have called for the 
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development of non-invasive techniques to 

monitor heat stress. To address these 

resulting problems, this study identifies two 

simple and non-invasive physiological 

parameters that are indicative of the heat 

stress encountered during a miner's work: 1) 

heart rate and 2) the specific gravity of urine. 

The use of heart rate electrocardiography, or 

optical sensor monitors, and of urine-specific 

gravity refractometers have the potential to 

revolutionize heat stress monitoring in 

miners by constantly measuring these two 

quantities in a feasible and logistically-sound 

manner.  

This study compares the measure of the 

accessible physiological parameters (i.e., 

heart rate and urine-specific gravity) to the 

reliable measure of heat stress (i.e. core body 

temperature) [9-11]. The urine-specific 

gravity is a strong measure of the body’s 

degree of hydration. This portion of the study 

correlates the urine data with the miners' use 

of energy drinks and their Body Mass Index 

(BMI) [12]. These insights will help 

recommend safe practices for miners that can 

be externally- and self- monitored.  

The study was conducted with a group of 17 

miners working in an underground Arizona 

mine over a period of two weeks.  

2 Method 
2.1 Field Study 

This study was conducted in a very hot (76°C 

to 82°C) Arizona underground mine. The 

following factors were monitored to evaluate 

heat stress: 1) core body temperature (CBT), 

heart rate (BPM), and 3) urine-specific 

gravity (USG). 

A sample group of 17 mine operators 

volunteered to participate in the study. Each 

participant worked either a 12-hour weekday 

shift or a 12-hour weeknight shift. The study 

was conducted in the months of January and 

February 2020 over a span of two week-long 

shifts, with a break of one week between 

them. The participants were divided into four 

groups that rotated between day and night 

shifts throughout the two weeks. More than 

90% of the participants had at least two 

weeks of experience working in hot, humid, 

and deep conditions.  

The anthropometric characteristics of the 

subjects were recorded prior to the study and 

are summarized in Table 1. 

Table 1. 

 

2.2 Data Collection Devices 

The following methodologies were used to 

evaluate the HSIs of this study:  

1 Core body temperature  

The core temperature of each 

participant was monitored throughout 

the shift using an ingestible core body 

temperature sensor called CorTemp R 

Ingestible Core Body Temperature 

Sensor, HQ Inc, Palmetto, FL. The 

core temperature was monitored in 

intervals of one minute. 

2 Urine-specific gravity  

The degree of dehydration was 

monitored by measuring the urine-

specific gravity, which was collected 

twice pre- and post-shift, using a 

calibrated refractometer called Pocket 

Pal-10s Refractometer, manufactured 

in Atago, Bellevue, WA.  
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3 Heart rate  

The heart rate of each test subject was 

measured using one of two 

instruments. The first utilized an 

electrocardiogram device placed on 

the chest (Polar R Heart Rate Chest 

Belt, Lake Success, NY). The second 

used an optical sensor on the wrist 

(Fitbit Charge 3). Both devices 

recorded the heart rate at intervals of 

one minute, same as the frequency of 

the core temperature measurement.  

2.3 Methodology 

This section reviews the methodology 

employed to monitor the heat stress-related 

data in the miners and the collection 

procedures.  

Prior to the start of a shift, each participant 

ingested the core temperature sensor and was 

equipped with a heart rate monitor. These 

sensors monitored the participants 

throughout the duration of their shift. The 

urine-specific gravity of each participant was 

recorded prior to the start of shift.  

Data recorded at the end of the shift for each 

participant included:  

1 The workload perceived during the 

shift on a scale of one to four, one 

being "light" and four being "very 

heavy" work.  

2 Information about any energy drinks 

consumed during the shift.  

3 The USG was measured immediately 

after the shift. 

Information related to workers' food and fluid 

(excluding energy drinks) intake and output 

during the shift was not recorded. 

3 Data Processing & 

Interpretations  
3.1 Core Body Temperature 

The core body temperature data was 

downloaded using HQ Inc. CorTrak 

Software, which was then quality controlled 

to exclude body temperatures that were lower 

than the normal numbers that would indicate 

an extreme hypothermia and hyperthermia 

(below 36.5 °C and above 41 °C, 

respectively). Abnormally low temperature 

values were attributed to ingestion of cold 

water by the miners, since the subjects were 

not at risk of hypothermia at the mine site 

during the study timeline. Since this drop in 

core temperature would not affect the heart 

rate, the additional data enhanced the 

correlations drawn between the BPM and 

CBT through calibration. Any erroneous data 

likely due to ingestion of food, water, or 

attributable to technical causes were 

excluded. The CBT data was filtered by 

applying a moving median filter with a 

window size of 8. 

3.2 Heart rate, BPM 

Two types of instruments were implemented: 

Polar heart monitor and Fitbit. Since there 

were two different methods for measuring 

BPM, the datasets obtained from each of 

these techniques were analyzed separately. 

Of the two types, the Polar monitor was used 

in 25% of the shifts and the Fitbit in the 

remaining 75% of the shifts.  

The heart rate data from the Polar monitor 

(25% of our total sample size) was exported 

using HQ Inc. CorTrak Software. The 

remaining 75% of the total sample size was 

downloaded from the Fitbit app.  

In both cases, biologically impossible heart 

rate values were attributed to poor quality 
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measurements by the instruments. The lower 

cutoff for biologically feasible heart rate was 

set at 40 BPM and the upper cutoff was set at 

220 BPM minus the age of the participant in 

years [12,14].  

The heart rate data was filtered using 

statistics, specifically the same method as the 

CBT, by applying a moving median filter 

with a window size of 8. 

3.3 Urine-Specific Gravity 

The measured pre-shift and post-shift urine-

specific gravity (USG) values were 

categorized to indicate the level of hydration 

in each subject. Values of USG that were less 

than 1.020 were categorized as hydrated. 

USG values that were between 1.020 and 

1.030 were considered dehydrated. Values of 

USG that were greater than 1.030 were 

considered clinically dehydrated [9-11].  

4 Results 

This section reviews the analysis and results 

of the study.  

Figure 1 shows a sample time-series of 

measured BPM and CBT in one participant 

over the course of a single shift. The data 

demonstrates the effect of statistically 

filtering with a moving median in both the 

BPM and the CBT. Across Figure 1, certain 

salient features were observable in the 

evolution of CBT and BPM with time 

(increase in the number of observations).    

In the initial phase (i.e., the first ~100 steps, 

see Figure 1), a gradual increase in 

temperature shown corresponds with the 

movement of the ingested pill deeper in the 

digestive tract. In addition, a drop in both 

BPM and core temperature (e.g., step 

numbers 360-380, see Figure 1), corresponds 

to the miners' resting schedule in a ventilated 

chamber. The sudden rises in BPM at 

multiple locations indicate the high exertion 

on the body during mucking. Observations in 

this study confirmed that the miner’s core 

temperature meets and, in some cases, 

exceeds the American Conference of 

Governmental Industrial Hygienists' 

(ACGIH) Threshold Limit Value (TLV) for 

hyperthermia (38◦C) [13].  

 

Figure 1. Mine worker profile. 

The next four subsections expand upon 

relationships and the interconnectivity 

between CBT, BPM, and USG. In addition, 

as interpretations from results are expounded 

upon from their dependence upon the miners' 

BMI and usage/non-usage of energy drinks.  

4.1 Correlation between Core Body 

Temperature and Heart Rate 

The mean values of CBTs that were 

measured in all the trials exemplified that 

most of the test subjects’ (87%) measured 

below the ACGIH TLV, for hyperthermia 

(38◦C), with a mean of 37.69 ± 0.51◦C. 

A Pearson correlation coefficient was 

determined between the CBT and the BPM, 

then was measured at equal intervals for all 

of the trials conducted in the study. The 

Pearson computation was done after 

processing the data (see Section 3: Data 

Processing & Interpretations).  
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Figure 2 plots the Pearson correlation 

coefficient obtained in each trial using the 

Polar method of BPM measurement in 

descending order. A cut-off of 40% defines a 

moderately correlated dataset of CBT and 

BPM (0.4 in fig.2)[15]; of the conducted 

trials, 52.6% satisfied this criterion.  

Figure 3 shows the same results for trials 

where BPM is measured using the Fitbit 

measurement device. Figure 3 highlights that 

29.6% of the trails were at minimum 

moderately correlated.  

In all of the trials, a p-value less than 0.05 was 

observed only when the correlation 

coefficient was less than 30% and were 

marked as “NS (No Significance)” in Figures 

2 and 3.  

Figure 4 displays a scatter plot representative 

of CBT versus BPM of one trial with a strong 

correlation between the two variables 

displaying a linear correlation.  

 

Figure 2. Pearson Correlation. Polar was used 

to monitor heart rate. 

4.2 Hydration  

As previously mentioned, urine-specific 

gravity (USG) was used to measure hydration 

before and after the shift. Among them, a 

total of 81 urine samples were obtained 

before shift and 84 urine samples after shift. 

Of these, 79 samples were obtained both pre- 

and post-shifts.  

The average pre-shift USG was 1.021 (range 

1.003-1.033, STD = 0.007)   Out of the group, 

34% of the participants were classified as 

hydrated (USG≤1.020), while 66% of the 

participants presented dehydration 

(USG>1.020).  

At the end of the shift, the average USG was 

1.022 (range 1.002-1.038, STD 0.009), of 

which 33% of the participants were classified 

as hydrated and 67% were classified as 

dehydrated.  

 

Figure 3. Pearson Correlation. Fitbit was 

used to monitor heart rate. 

Twenty-seven samples showed clinical 

dehydration (USG>1.030) after the shift, and 

twelve before the shift.  

 

Figure 4. Correlation between Core Body 

Temperature and BPM for subject 1903. 

The increase in median USG after the shift 

for miners was 0.002 (Figure 5a). Figure 5b 

shows dependence on the intake of energy 

drinks of USG pre- and post-shift. 



25 

 

 

 

Figure 5a: Boxplot of difference in USG pre- 

and post-shift. 

 

Figure 5b. Boxplot of Specific Gravity of 

mine workers by energy drink consumption. 

Miner participants that consumed energy 

drinks were observed to have a higher USG 

post-shift as compared to pre-shift (0.006 

increase in median USG), and were 

considered more likely to be dehydrated after 

the shift (p value=0.049). For those who did 

not consume energy drinks, even though their 

USG showed an increase post-shift (0.025 

increase in median USG), it is less significant 

(p value=0.571) compared to those who did 

consume energy drinks.  

A mild anti-correlation was identified 

between BMI and difference in pre- to post-

shift USG, similar to previous studies (e.g. 

Eric Lutz 2014) [12]. Figure 6 shows a linear 

best-fit along with a 95% Confidence Interval 

in prediction of the mean value. 

 

Figure 6. Distribution of difference in USG 

vs BMI. 

4.3 Relationship of BPM with energy 

drinks and hydration 

The average BPM, as measured by the Polar 

device, of the subjects that consumed energy 

drinks was 109.89 BPM as comparable to the 

participants who did not intake energy drinks, 

which was 109.004 BPM. In contrast, the 

Fitbit measured 90.37 average BPM for those 

who consumed energy drinks, and 96.41 

average BPM for those who did not. The 

BPM measurements made with the Polar 

device did not change significantly with 

intake of energy drinks (p value = 0.665) 

(Figure 7). However, the BPM measurements 

made with the Fitbit showed that the 

consumption of energy drinks caused the 

BPM to drop (p = 0.025). 61% of the 

participants confirmed their consumption of 

energy drinks.  

The Fitbit results, although counter-intuitive, 

are consistent with the research of 

Hajsadeghi (2015) [17], which showed a 

statistically significant decline of heart rate 

due to the intake of energy drinks. In 

addition, the data put forth by Geib (1994) 

[16] displayed a significant drop of HR with 

the consumption of caffeine and taurine. 

To address these apparently conflicting 

results, Cerit, L. (2016) [18] recommends 
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reviewing the smoking habits of the patients 

in addition to their consumption of energy 

drinks. 

 

Figure 7. Boxplot of heart rate and energy 

drinks intake, categorized by heart rate 

monitor type. 

The study went one step further to check the 

dependence of post-shift BPM (using both 

Polar and Fitbit measurements) to post-shift 

hydration (Figure 8). Comparing these 

datasets revealed a difference between the 

median BPM (collected using the Polar 

devices) of hydrated and dehydrated miners 

is 0.88 (p =0.75) and the corresponding 

change in BPM (collected using the Fitbit 

device), which was 1.813 (p value=0.42). 

Both of these changes are considered 

statistically insignificant. 

 

Figure 8. Boxplot BPM and Hydration status 

 

4.4 Relationship of CBT with energy 

drinks and hydration 

The median CBT for miners who consumed 

energy drinks was 37.62 °C as compared to 

37.74 °C for those who did not. Figure 9 

shows a lack of statistical significance for the 

variation of CBT of miners who consumed 

energy drinks and those who did not (p value 

= 0.168). 

 

Figure 9. Boxplot of Core Body Temperature 

and energy drinks consumption. 

Figure 10 displays the variation of CBT with 

hydration. The difference in median of CBT 

for hydrated and dehydrated miners after the 

shift is 0.03 (p value=0.16) and considered 

statistically insignificant. 

 

Figure 10. Boxplot of Core Body 

Temperature and hydration status. 
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5 Discussion 

This study widely focused on two aspects of 

heat stress-related indicators, which are core 

body temperature, heart rate and hydration. 

The following sections summarize the 

findings and draw conclusions.  

Overall, the findings from this study support 

that dehydration and heat stress are important 

and interconnected health concerns that 

plague mine operators at hot mine locations, 

as exemplified by this Arizona site.  

5.1 Core Body Temperature and Heart 

Rate 

Of the data collected with the Polar heart rate 

monitor, 52.6% had at least 0.40 Pearson 

correlation with the Core Body Temperature 

with a p-value <0.05 (see Section 4). On the 

other hand, 29.6% of the data collected with 

the Fitbit monitor had at least 0.40 Pearson 

correlation with CBT with p-value<0.05.  

This renders the non-invasive measurement 

of BPM as a strong estimator for the CBT, 

which in turn acts as an accurate 

measurement of the level of heat stress 

encountered by a mine operator (figure 2 and 

3).  

5.2 Hydration status 

Dehydration is commonly reported in the 

mining industry [9,10,12]. The results of this 

study showed that during both pre-shift and 

post-shift, the majority of the mine operators 

(~67%) were dehydrated (USG > 1.020).  

The comparison of USG values during pre-

shift and post-shift showed a statistically 

significant increase (p value=0.049) in 

dehydration during the shift in mine 

operators who did consume energy drinks. 

Operators who did not consume energy 

drinks maintained their level of USG 

throughout the shift. Similar findings are 

reported [19-20], and as a result, not 

consuming energy drinks during the shift will 

likely contribute towards a healthier USG 

value for mine operators. Based on the 

results, we suggest discouraging the 

consumption of energy drinks between the 

mine operators that work in hot and humid 

environments due that this will increase their 

dehydration status.  

This study revealed a statistically 

insignificant relationship between core 

temperature and BPM with dehydration. This 

indicates the possibility that the degree of 

dehydration can be independent of the vital 

indicators, i.e., the core temperature and the 

BPM.  

5.3 Limitations 

Despite the reliability of this study’s results, 

there still remains a challenge in the 

reliability of BPM measuring devices.    

The measurement of BPM using the Polar 

electrocardiogram technique was more 

reliable than the optical monitors. 

Conversely, optical heart rate monitors were 

described by test subjects as more 

comfortable and were easier to implement. 

Since the Polar monitor was placed on the 

chest, it was inaccessible underneath all the 

miners’ protective equipment whereas the 

Fitbit was easy to remove and readjust on 

each mine operator’s wrist. However, intense 

activity often led to displacement of the 

measurement devices, which resulted in 

lower BPM accuracy, since the device 

accuracy is closely linked to proper 

positioning of the device on the arm [21-23].    

The BPM measured by the Polar monitors 

were higher than those measured by the Fitbit 
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(p<0.05). The difference between their 

median values was ≈16 BPM (Figure 11). The 

Fitbit monitor provided inconsistent readings 

for BPM during high intensity activities, such 

as mucking.     

 

Fig. 11 Heart rate boxplot Polar vs Fitbit. 

6 Conclusions 

This study can be concluded with the 

following findings:  

1 A significant statistical correlation is 

observed between BPM and CBT in 

the majority of the trials, 

2 The consumption of energy drinks 

during a shift facilitated the 

dehydration in mine operators. In 

general, a high level of dehydration 

was observed among them, and  

3 The inconsistency of BPM 

measurements across the two 

measurement tools calls for a more 

usable and reliable method for 

monitoring the heart rate.  

7 Future Work 

The strong correlation of the core 

temperature with BPM can act as a strong 

tool to set thresholds for heat stress in terms 

of the BPM. A future study is set to employ 

predictive models such as the Kalman filter 

on this data set in order to obtain a potentially 

self-monitorable threshold for BPM that is 

indicative of heat stress.  
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The effects and perceptual responses of cooling technologies 

monitored during mining activity  

Veronica Cordova ∙ Paloma Lazaro ∙ Moe Momayez 

Exposure to heat and humidity in hot environments are a significant risk for the health and 

productivity of mineworkers. In this field study, the performance of three commercial cooling 

vests and a combined set of an evaporative cooling cap and sleeves were evaluated by monitoring 

miners' activities and collecting perceptual responses. The perceived comfort levels by miners 

using different cooling vests are assessed both individually and according to different group 

activities. A total of 92 wear trials involving 23 mine operators were conducted. Each trial 

consisted of wearing a cooling device at the hottest time of their activity without disturbing their 

regular daily routine. The miners rated their perceived exertion (RPE) level, thermal sensation 

(TS), and five related subjective factors. The influence of a hardhat’s color on heat absorption was 

also studied by measuring the highest temperature reached during the shift. This first-of-its-kind 

study tested and ranked various cooling technologies performances on real mining activities during 

hot summer month in an Arizona mine. Three cooling vests showed an improvement of the 

perceptual heat stress. The black hardhat displayed the highest heat absorption compare with the 

other hardhat colors and is therefore the least desirable. 

 

Keywords Cooling vest ∙ Mining Industry ∙ Perceptual heat stress ∙ Field Study ∙ Hardhat 

color ∙ Heat absorption. 

 

1 Introduction 

The recommended standards to manage 

mineworker exposure to heat stress in hot 

environments was originally introduced in 

1972 by the National Institute of 

Occupational Safety and Health [1]. The 

reported rate of heat-related illness (HRI) in 

the US mining industry has been increasing 

in recent years; in fact, heat stress (HS) is 

considered one of the deadliest weather-

related health outcomes in the US [2,3].  

In the surface-mining industry, most of the 

HRI occur during the day shift hours in the 

summer. This is because of more intense 

solar radiation heat load and higher air 

temperatures [4]. 

Miners in Arizona are particularly 

susceptible to heat-related deaths. In fact, 

Arizona is the state in the southwest United 

State with the highest number of heat-related 

deaths. In addition to deaths and work-related 

illnesses, workplace heat exposure can result 

in occupational injuries and accidents [4,5]. 

Heat stress is caused by a combination of 

factors, including environmental, work level 

intensity, and type of clothing. Exposure to 

heat can increase body temperature, heart 

rate, and sweating [6]. Risk factors that 

contribute to HS at mine sites are: 1) work 

demands (heavy physical labor, solitary 

work, working with a heat source); 2) 

climatic conditions (direct exposure to the 
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sun, high temperature, and humidity, lack of 

air movement, such as breeze or wind); 3) 

non-breathable clothing; and 4) individual 

conditions (acclimatization, hydration 

habits). Based on the HS risk factors, we 

identify five groups exposed to heat stress at 

a surface mine during the summertime. The 

level and type of activity in the field are 

different for each group. The activities are 

comprised of routine mining tasks under 

direct sunlight; hydrometallurgy (hot and 

humid environment and non-breathable 

clothing); milling (hot environment, dust, and 

non-breathable clothing); geological 

mapping under direct sunlight and solitary 

work; and other activities, such as solar panel 

installation and maintenance or mine site 

construction. 

In this study, we focus on the first group: 

routine mining operations. This group 

encompasses occupations featuring tasks 

performed outdoors and under the sun, such 

as pit geologists, pit maintenance mechanics 

(planned maintenance and on-site overhaul), 

blasters (drillers and samplers), surveyors, 

and electricians. 

One way to reduce the heat accumulated in 

the body is to improve the microclimate 

around the individual. The conventional 

approach for managing the risk associated 

with exposure to heat in a surface mine 

include safety and preventive training, 

maintaining hydration, and a schedule of 

frequent rest periods in an air-conditioned 

area. In this study, cooling vests are used as 

the preferred method to control the 

microclimate for mining operators. 

Cooling vests have been used in a wide 

variety of industries to mitigate heat stress. 

Industries that have utilized cooling vests 

include aerospace, surgeries, sports, 

construction, crop production, motorcycle 

enthusiasts, and other industries. The 

majority of the studies on the effect of 

cooling vests were carried out in laboratories 

and did not represent mining activities. A few 

studies have also assessed the cooling 

interventions using mine rescue workers at 

mine sites during a mine rescue training [7].  

More than 30 types of cooling vests can be 

found in the market at the time of writing this 

paper. Cooling devices are categorized based 

on the mechanism of cooling employed. The 

primary methods of cooling are evaporation, 

phase change material (PCM), air/water 

perfusion, fan cooling vest, and a hybrid 

cooling vest (a variation of PCM with fan 

vest) [8]. In this study, three of the most 

commonly used commercial cooling vests, 

namely, evaporative, PCM, and fan vests, 

were employed, in addition to a set of cooling 

caps and sleeves. 

The two primary classes of hard hats 

commonly used on mine sites are Class G-

General ANSI Z89.1-1997 and Class E-

Electrical [10]. These hard hats come in a 

variety of colors. The three-color attributes 

(hue, lightness, and saturation) influence the 

heat absorption of the object [11]. Therefore, 

the heat absorbed by the color influences the 

miner's micro-environment and many 

clothing items. Because of that, we measured 

and compared the highest temperature 

recorded for six hardhat colors (white, black, 

brown, blue, grey, and yellow). The white 

hardhat was used as a control. 

The aim of this study was to conduct a field 

study in surface mines in Arizona to measure 

the perceptual responses of individual miners 

during a typical shift. The cooling vest was 

worn in the middle of their activity or at the 

hottest point of the day. At the end of the 

shift, we collected subjective ratings 

associated with each cooling vest: perceived 

cooling effect, perceived sweating rate, 

comfort level, perceived weight, and 
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perceived cooling time. In the mining realm, 

a variety of hard hat colors are found. The 

colors may or may not follow a particular 

color code. As a result, two miners from the 

same crew can have different hard hats 

colors. In metal/nonmetal mines, the Mine 

Safety and Health Administration (MSHA) 

does not regulate the hard hat coloring. Coal 

mines provide a standard where colored hard 

hats help identification of newly 

employed/inexperienced miners [9]. 

 

2 Methodology 
2.1 Field Study 

In order to evaluate the effects of the cooling 

vests for each cooling technology, a field 

study at an Arizona surface mine (individual 

mine name cannot be disclosed) was 

conducted in August 2019. Typically, the 

months of July and August in Arizona are 

monsoon season where high temperatures 

and high humidity rates are observed. The 

field study involved testing one of the four 

crews that rotate in a DuPont shift schedule 

at the Arizona mine. 

The study consisted of a four-day wear trial 

(one day per cooling method). The cooling 

methods, 1) evaporation set (ES), 2) 

evaporation vest (EV), 3) fan vest (FV), and 

4) PCM vest (PCMV), were assigned 

randomly in seven days in two consecutive 

day shifts. The study was undertaken until 

each operator completed four valid trials. 

These four vests were chosen because of their 

retail popularity. Of these options, the EV 

and the fan vests were the most novel. The 

evaporation set was the method that was most 

commonly used by the mine operators on a 

regular basis.  

The vests used in the trial were chosen based 

on their practical use and associated 

maintenance. For example, the water vest 

was considered during the selection of the 

vests' choices. However, the duration of the 

cooling effect and the weight, in addition to 

the general lack of flexibility, made it 

difficult for operators to execute daily or 

routine tasks.  

The selected DuPont dayshift crew (study 

group) were debriefed with the objectives 

and expectations of the study. The volunteers 

were instructed about the use and care of each 

cooling vest.  

The measurement of the temperature of the 

hardhats was undertaken using Telatemp 

non-reversible temperature recording labels 

(Telatemp, which are irreversible 

temperature indicator labels that contain one 

or more sealed temperature-sensitive 

chemical indicators that turn permanently 

and irreversibly change color at its calibrated 

temperature. The response time of Telatemp 

is within five seconds with an accuracy of 

±2% or 1°C of the rated value, whichever is 

greater. 

We now describe the process of conducting 

each trial. Each volunteer was instructed to 

divide their work into two sections, the first 

being without the use of a cooling method 

and the second with the use of a cooling 

method. At the end of the first session of their 

duties, the volunteers were instructed to fill a 

pre-trial performance survey, which would 

act as a control data set to study the impact of 

the cooling method. At the end of the second 

section, they would fill in a post-trial 

performance survey, which would form the 

data depicting the impact of the cooling 

method.  

In addition to these performance surveys, a 

demographic survey was conducted, and an 

activity log was maintained for each 

participant. 
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Figure 1. Distribution of the mining operators crew by 

activity. 
 

2.2 Participants 

A total of 23 surface mine operators, all of 

whom were part of the same crew, 

volunteered for the cooling method study. 

They performed their regular activities at the 

mining operation in August 2019 

(summertime). Figure 1 presents the 

distribution of tasks for each crew. The 

demographic characteristics of the 

participants are summarized in Table 1. The 

sample size formula is utilized to calculate 

the percentage of error in making inferences 

about the total population (which consists of 

four crews of operators, i.e., 92 mine 

operators) and ensure sufficient statistical 

representation. One entire crew out of the 

four were studied, and that gave us an 18% 

margin of error for this study.  

 

2.3 Cooling devices 

We now provide a brief description of the 

cooling devices used in this study.  

The first is the evaporation set, which is a 

combination of an evaporative cap and 

cooling sleeves that need to be immersed in 

cold water in order to activate their cooling 

properties. The ES lasts for a maximum time 

interval of 20 minutes. 

The second is the Evaporative cooling vest. 

Its working principle involves activating the 

airflow across the vest, where the heat of the 

body and the environment causes the water 

content of the vest to evaporate, and as a 

result, keeps the vest cool. 

The third is the Fan Vest (FV), which injects 

air from four fans located at the bottom of the 

vest, which mechanizes the cooling. It 

utilizes a single lithium battery and can run 

for 8 hours.  

The fourth is the Phase-changing cooling vest 

(PCMV). It utilizes a frozen, hydrated salt to 

absorb body heat. As the heat transfers from 

the warmer body to the frozen material, the 

phase change material will become liquid and 

warm to the temperature of the environment 

around it. 

2.4  Performance Surveys 

We now provide a description of the 

performance surveys mentioned earlier that 

needed to be completed by the workers.  

Two performance surveys were completed by 

the participants. The first survey was required 

to be completed at the end of the first section 

of their work. The pre-trial survey evaluated 

the rating of physical exertion (RPE) on a 

scale from 0 to 10. The lowest rating, zero 

(0), is resting, while 10 indicated maximum 

exertion. Additionally, the thermal sensation 

Parameters Range Mean (±SD)

Age(year) 24-59 35.39 (8.08)

Height(cm)
158-191 175 (10)

Weight(kg) 57-110 80.17 (12.13)

BMI(kg/m²) 19-30 26.08 (30.15)

Gender (number  of 

male and female)
20/3

Table 1.
Demographic data of the exposed operation crew                                       
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(TS) was rated on a scale from 1 to 7. The 

lowest rating of one (1) is very cold, and 

seven (7) is very hot. TS is a measurement of 

the temperature sensation experienced by the 

study group participants.  

In the post-trial survey, the miners evaluated 

both the RPE and the TS in addition to five 

attributes. These five attributes were 

subjective and ranked on a scale from 1 to 7. 

The attributes were perceived cooling effect 

(minimum-maximum), perceived sweating 

rate (minimum-maximum), comfort 

sensation (minimum-maximum), perceived 

weight (very light-very heavy), and 

perceived cooling time (1-7). Each of the 

attributes was ranked from one (1) as 

minimum or very light and seven (7) as 

maximum or very heavy. 

3 Data processing 
3.1 Perceptual heat strain index 

Perceptual heat strain index (PeSI)- This 

quantity measures the perceptual heat stress 

based on the parameters of thermal sensation 

and the perceived exertion intensity. PeSI is 

a calculated value. In this study, we used the 

modified PeSI formula composed by Chan 

(Eq.(1)) [8]. The variation of the equation 

consists of redefining the range of scale of TS 

[12, 13]. 

𝑃𝑒𝑆𝐼 = 5𝑥
𝑅𝑃𝐸

10
+ 5𝑥

(𝑇𝑆−1)

6
                (1) 

In Eq. (1), RPE is the rating of physical 

exertion from 0 to 10, and TS is a thermal 

sensation from 1-7. 

3.2 Physical Strain Alleviation 

Physical Strain Alleviation (PSA) measures 

the percentage of the alleviation generated by 

using a particulate cooling method based on 

the RPE parameter. This formula was defined 

by Yang and Chan in 2015 [12] (Eq. (2)). 

𝑃𝑆𝐴(%) =
𝑅𝑃𝐸𝑤𝑖𝑡ℎ–𝑅𝑃𝐸𝑤𝑖𝑡ℎ𝑜𝑢𝑡

𝑅𝑃𝐸𝑤𝑖𝑡ℎ𝑜𝑢𝑡
          (2) 

In Eq. (2), 𝑅𝑃𝐸𝑤𝑖𝑡ℎ𝑜𝑢𝑡 is the RPE after 

completing the first half of the job without 

wearing any cooling method. The 𝑅𝑃𝐸𝑤𝑖𝑡ℎ is 

the RPE after completing the second half of 

the job wearing the cooling method. PSA (%) 

is the resulting value expressed as a 
percent. 

3.3 Perceived Cooling Time 

Perceived Cooling Time (PCT) is a 

measurement of the perceived cooling time in 

hours by the participants. The equation 

proposed by Yang and Chan in 2015 [12] 

(Eq. (3)).    

𝑃𝐶𝑇𝑖(ℎ𝑜𝑢𝑟) = 0.5𝛼(𝑖)0.5 + 1.0𝛼(𝑖)1.0 +

1.5𝛼(𝑖)1.5 + 2.0𝛼(𝑖)2.0 + 2.5𝛼(𝑖)2.5       (3) 

We modified the equation according to the 

range of times established in our performance 

survey (Eq. (4)). 

𝑃𝐶𝑇𝑖(ℎ𝑜𝑢𝑟) = 0.25𝛼(𝑖)0.25 + 0.5𝛼(𝑖)0.5 +

1.0𝛼(𝑖)1.0 + 1.5𝛼(𝑖)1.5 + 2.0𝛼(𝑖)2.0 +

3.0𝛼(𝑖)3.0                                   (4) 

In Eq. (3) and (4), 𝑃𝐶𝑇𝑖 is the cooling time 

while wearing a certain type of cooling 

method (𝑖 = "1" represents ES, 𝑖 = "2" 

represent EV, 𝑖 = "3" represent FV, 𝑖 = "4" 

represent PCMV) 

4 Results 

The mean value and the standard deviation of 

the temperature measured by the in-situ 

weather station was 37°C (0.9), recorded 

during the field study at the mine. 
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4.1 Rating on subjective attributes 

In Table 2, the analysis of variance revealed 

a significant difference between the rating of 

5 subjective attributes across the different 

cooling methods. EV shows a higher 

favorable rating in perceived cooling effect, 

comfort sensation, perceived cooling time, 

and observed weight (light), in comparison 

with the other three cooling methods. 

However, study participants also reported a 

higher perceived rate of sweating while using 

the EV, which was in keeping with the 

properties of the garment’s fabric (50% 

polyester and 50% polyurethane leather, 

which is not very breathable).  

The PCVM shows positive values above 

three on a Likert scale (seven-point scale) on 

perceived cooling effect (Figure 3), comfort 

sensation, and perceived cooling time. 

However, PCVM presents a more negative 

value on the perceived weight (heavy), where 

it is ranked the heaviest method. The 

perceived sweating rate of PCVM is also 

high, which means that the miners sweat 

more than what they perceive as usual.  

FV results are minimum at perceived cooling 

effect, comfort sensation, and perceived 

cooling time. This cooling method was not 

able to demonstrate a significant cooling 

effect on the participants since the ambient 

temperature of the air was hot. Therefore, the 

air circulating inside the body was hot. 

Unlike other cooling devices, the miners 

reported redness on the skin and high levels 

of discomfort by wearing the FV.  

ES has low values on perceived cooling 

effect, comfort sensation, and perceived 

cooling time. However, EV has positive 

benefits on the perceived sweating rate and 

weight, which makes this cooling method the 

preferred cooling method of the miners 

(Figure 3). 

 

Figure 2. Subjective attributes and preference to wear a cooling vest measured on a Likert scale. 
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4.2 Improvement of RPE, TS, and PeSI 

Table 3 shows the rating results of RPE, TS, 

and PeSI while working with and without the 

cooling vest.  

EV, PCMV, and ES all show a drop in the 

variables. Conversely, FV shows an increase 

in the three variables. The first section of the 

job shows a close RPE value across the trials 

(from severe to very severe), but these ratings 

change in the second part of the job where the 

participants wear the cooling method 

(somewhat severe to very severe).  

EV shows the RPE drops down to somewhat 

severe. The TS starts for the first section of 

the job with reported sensations of slightly 

hot ranging to hot. EV and PCVM can drop 

the TS to neutral.  

 

 

 

Figure 3. TS and RPE range (adapted from 

Chang, 2017) 

Physical Strain Mitigation 

Table 4 shows a significant difference 

between the variables across the cooling 

methods. EV and PCMV show the most 

significant improvement in the difference in 

RPE, TS, and PeSI. EV exhibits the highest 

percentage improvement by wearing the 

cooling vest (23%). FV gives a negative PeSI 

value, which represents an increase in 

perceptual heat strain during wearing. 

Scale 1 2 3 4 5 6 7

TS
very 

cool
cool

slightly 

cool
neutral

slightly 

hot
hot

very 

hot

Table 3. Rating of RPE, TS and PeSI.

Variable ES EV FV PCMV

Without 5.83 ± 0.94 5.78 ± 0.95 5.74 ± 0.86 5.48 ± 0.85

With 5.52 ± 1.12 4.43 ± 0.90 6.17 ± 1.19 4.52 ± 1.04

Without 5.74 ± 1.01 5.96 ± 0.77 5.48 ± 0.90 5.70 ± 0.82

With 5.30 ± 1.06 4.39 ± 0.72 6.48 ± 0.59 4.57 ± 0.79

Without 6.86 ± 1.24 7.02 ± 1.02 6.60 ± 1.00 6.65 ± 1.00

With 6.35 ± 1.30 5.04 ± 0.93 7.65 ± 0.80 5.23 ± 1.04
  PeSI (Mean±SD)

  TS (Mean±SD)

  RPE (Mean±SD)

Scale 0 1 2 3 4 5 6 9 10

RPE rest
very 

slight 
slight moderate

somewhat 

severe
severe

very 

severe 

very very 

severe 
maximal

Table 4. Comparison of ΔRPE, ΔTS, ΔPeSI and PSA between different types of cooling vests.

Variable ES EV FV PCMV F Significance

ΔRPE (Mean±SD) 0.30 ± 0.47 1.35 ± 0.57 -0.43 ± 0.73 0.96 ± 0.71 33.86 p < 0.001

ΔTS (Mean±SD) 0.43 ± 0.51 1.57 ± 0.66 -1 ± 0.74 1.13 ± 0.55 104.8 p < 0.001

ΔPeSI (Mean±SD) 0.51 ± 0.48 1.98 ± 0.72 -1.05 ± 0.63 1.42 ± 0.7 120.9 p < 0.001

PSA    (Mean±SD) 5.66 ± 8.98 23.31 ± 8.79 -7.52 ± 11.62 17.59 ± 13.45 36.35 p < 0.001

Comparison of ΔRPE, ΔTS, ΔPeSI and PSA between different types of cooling vests.

Variable ES EV FV PCMV F Significance

ΔRPE (Mean±SD) 0.30 ± 0.47 1.35 ± 0.57 -0.43 ± 0.73 0.96 ± 0.71 33.86 p < 0.001

ΔTS (Mean±SD) 0.43 ± 0.51 1.57 ± 0.66 -1 ± 0.74 1.13 ± 0.55 104.8 p < 0.001

ΔPeSI (Mean±SD) 0.51 ± 0.48 1.98 ± 0.72 -1.05 ± 0.63 1.42 ± 0.7 120.9 p < 0.001

PSA    (Mean±SD) 5.66 ± 8.98 23.31 ± 8.79 -7.52 ± 11.62 17.59 ± 13.45 36.35 p < 0.001

Table 2. Results of Analysis of Variance (ANOVA)

Subjective Attributes ES EV FV PCMV P value

Perceived cooling effect 2.52 (0.62) 4.65 (0.69) 1 4.48 (0.81) p < 0.001

Perceived sweating rate 1.26 (0.20) 4.48 (0.72) 2.43 (0.89) 3.09 (0.90) p < 0.001

Comfort sensation 2.83 (0.42) 4.30 (1.49) 1 3.61 (1.07) p < 0.001

Perceived weight 1 2.70 (0.40) 4.30 (0.86) 5.39 (1.43) p < 0.001

Perceived cooling time 1.78 (0.18) 6.22 (0.81) 1.09 (0.08) 4.39 (0.98) p < 0.001

Preference to wear it? 3.61 (9.25) 5.17 (7.97) 1 3.87 (9.39) p < 0.001
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4.3 Perceived Cooling Time (PCT) 

Table 5 displaces the PCT for each cooling 

method. EV falls in the sixth perceived time 

category, which represents an average 

perceived cooling time of 140 minutes, 

followed by PCVM that falls into category 4 

with an average of the perceived cooling 

effect of 71 minutes. ES shows an average 

duration of 11 minutes, almost falling in 

Category 2. The material of the ES became 

dry and rigid comparatively faster. FV 

presented a 2-minute duration that was 

reflected in Category 1 of perceived time. 

However, the participants found the fan vest 

to be uncomfortable to use.  

 

4.4 Hardhat temperatures 

Every colored hardhat was paired with a 

white hardhat as a control. The results of the 

external temperature recorded on the hardhat 

are shown in Figure 4. 

As expected, the black hardhat absorbed the 

most heat of any of the head coverings – a 

very significant increase of 15 F compared to 

a white hardhat. This temperature change 

could represent significant jeopardy for a 

miner in an already hot work environment. 

5 Discussion 
This field study is the first of its type to be 

implemented at a fully operational open-pit 

mining operation. The miners were visited 

once during the day in their regular activities. 

Due to logistical constraints at the site, their 

activity was constantly monitoring via an 

activity log completed for each testing 

volunteer. 

 

Figure 4. The external temperature of the 

hardhat. 

In this study, the garment between the body 

and the cooling method was not controlled. 

This means that the garment was in direct 

contact with the volunteer's skin and the 

cooling method was variable (e.g., cotton- or 

polyester-based). 

Miners performing various activities 

preferred different cooling vests. The 

respective workloads and environmental 

conditions the miners face throughout their 

regular duties vary by role. For example, the 

mine surveyors cannot carry extra weight 

during their regular tasks. However, the 

blaster operators can more easily manage 

additional weight in order to complete their 

stationary work at a comfortable temperature.  

EV is activated by air movement. As a result, 

EV cannot be used in enclosed areas with 

limited circulation (e.g., a hot and humid 

environment underground mine with low 

stopes). This is a seriously disqualifying 

factor when choosing miner heat stress 

mitigation equipment for an underground 

mining operation. 

Variable ES EV FV PCMV F Significance

Perceived 

cooling 

time

1.78 ± 0.42 6.22 ± 0.9 1.09 ± 0.29 4.39 ± 0.99 232.8 p < 0.001

Duration Perceived categories in post survey
1 2 3 4 5 6 7

0 min 15 min 30 min 60 min 90 min 120 min 180 min

Table 5. Comparison of PCT between different 

types of cooling vests
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FV performed at a higher significance in a 

moderately hot temperature environment, 

similar to indoor temperatures. 

Different hardhat colors absorb different 

quantities of heat. The black-colored hardhat 

has the right characteristics to absorb 

maximum heat and retain the heat near the 

head of the miner for a longer time. The 

Telatemps labels differ from the external 

point to the forehead area for about 3-5 

degrees Celsius less. However, this does not 

hold true in the case of temperatures taken 

from welders, where this variation was not 

decipherable through this study's collection 

methods. 

Future studies will investigate improvements 

related to features like the number of pockets 

and reflective material, which may enhance 

usability in the mining industry. 

6 Conclusions 

Different mining activities have varied needs 

for cooling devices, which preferentially 

determines which cooling technologies are 

best suited for different tasks. In this study, 

the percentages of preferred cooling devices 

are 70% EV, 48 % PCMV, 44% ES, and 0% 

FV out of the 23 miners surveyed. 

The subjective attributes meet and agree with 

the mitigation of RPE, TS, PeSI, and PCA. 

The color of the hardhats affects the heat 

absorption of the hardhat significantly and, in 

turn, affects the perceived heat experienced 

by the miner. The black color recorded a 

higher temperature among the white, brown, 

blue, grey, and yellow. The white hardhat 

was the coolest hardhat by temperature. 

The Telatemp temperature recorder provided 

an idea of which of the groups of 

mineworkers experience most heat 

absorption during the day. 

7 Acknowledgment 

The authors would like to thank the United 

States National Institute of Safety and Health 

(NIOSH) for providing financial support for 

this research under award #200-2014-59953. 

8 References 

1 Misaqi, L. (1976). Heat stress in hot 

US mines and criteria for standards 

for mining in hot environments. 

Washington: US Dept. of the Interior, 

Mining Enforcement and Safety 

Administration. 

2 United States Department of Labor. 

(n.d.). Retrieved from 

https://www.msha.gov/mine-data-

retrieval-system 

3 Centers for Disease Control and 

Prevention (CDC) (2013). Heat-

related deaths after an extreme heat 

event--four states, 2012, and United 

States, 1999-2009. MMWR. 

Morbidity and mortality weekly 

report, 62(22), 433–436. 

4 Donoghue, A. M. (2004). Heat illness 

in the US mining industry. American 

Journal of Industrial Medicine, 45(4), 

351–356. doi: 10.1002/ajim.10345 

5 Xiang, J., Bi, P., Pisaniello, D., & 

Hansen, A. (2014). Health Impacts of 

Workplace Heat Exposure: An 

Epidemiological Review. Industrial 

Health, 52(2), 91–101. doi: 

10.2486/indhealth.2012-0145 

6 Plog, B. A., & Quinlan, P. (2012). 

Fundamentals of industrial hygiene. 

Itasca, IL: National Safety Council. 

7 A Study of Heat Stress Exposures and 

Interventions for ... (n.d.). Retrieved 

https://www.msha.gov/mine-data-retrieval-system
https://www.msha.gov/mine-data-retrieval-system


41 

 

 

from 

https://www.cdc.gov/niosh/mining/U

serFiles/works/pdfs/asohs.pdf 

8 Chan, A. P., Yang, Y., Song, W.-F., 

& Wong, D. P. (2017). Hybrid 

cooling vest for cooling between 

exercise bouts in the heat: Effects and 

practical considerations. Journal of 

Thermal Biology, 63, 1–9. doi: 

10.1016/j.jtherbio.2016.11.002 

9 Mineral Resources 30 CFR § 

75.1720-1 (1974). 

10 McCraren Compliance. (2018). 

MSHA Training. Part 48 Surface 

New Miner(24 hours). Student 

Workbook. 

11 Jones, Faye C. (2020). The Influence 

of Color on Heat Absorption, 

University of Arizona Libraries. 

Science-Engineering Library 630.72 

A71m. 

12 Chan, A.P.C., Yi, W. and Wong, 

F.K.W. (2016), "Evaluating the 

effectiveness and practicality of a 

cooling vest across four industries in 

Hong Kong", Facilities, Vol. 34 No. 

9/10, pp. 511-534. 

13 Chan, A. P., Zhang, Y., Wang, F., 

Wong, F. F., & Chan, D. W. (2017). 

A field study of the effectiveness and 

practicality of a novel hybrid 

personal cooling vest worn during 

rest in Hong Kong construction 

industry. Journal of Thermal 

Biology, 70, 21-27.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


	af8e3b071003a1add55a3923b7b38a02b1757a6729d8862d35b23ebfd103469d.pdf
	902d2fde239048cae234d129d6b07ba3b34c1cc21b0e7eece6817b45d7549f39.pdf
	af8e3b071003a1add55a3923b7b38a02b1757a6729d8862d35b23ebfd103469d.pdf

