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Abstract 
For workers in extreme environments, such as 
firefighters, thermal protective clothing is essential to 
protect them from exposures to high heat and life 
threatening risks. This study will investigate the design 
of a new smart protective clothing system, which 
incorporates sensors in the undergarment to measure 
physiological data, such as skin temperature, heat flux 
and heat rate to assess the thermal status of the 
worker. The aim of this paper is to outline the design of 
the smart wearable undergarment and the evaluation 
process for testing the smart undergarment in a 
controlled environment. 
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Introduction 
Firefighting is considered to be an extremely hazardous 
occupation, with a myriad of potential causalities for job 
related mortality or morbidity. In fact more than 100 
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firefighters die in the line of duty every year in 
Australia, a disproportionately high number compared 
with other industrialized nations. Therefore, they need 
high level protection from multiple hazards. Protective 
clothing is designed to provide protection from 
complete flame engulfment, high radiant heat and 
hazards faced during road crash and general rescues. 
Usually this type of garment assembly has low capacity 
for releasing produced metabolic heat during heavy 
duty work in elevated temperature. As the core 
temperature continues to increase due to the fact that 
the heat produced by muscular work and/or 
environmental conditions cannot be dissipated through 
the clothing system, this leads heat strain accompanied 
by clammy and damp feeling. Since heat strain is a 
major problem for these workers, it is good to have a 
simple monitoring system which integrates 
physiological and location tracking into a single system. 
This system then can collect, transmit and display this 
data in a real time at a command station. 

The main aim of this research work is to design and 
develop new smart wearable undergarment to monitor 
physiological parameters, such as skin temperature, 
heat flux and heat rate to assess the thermal status of 
the worker. It is assumed that sensor-based 
undergarments will alert workers regarding the heat 
exhaustion while working in hot industrial 
environments.  Heart rate, skin temperature, and heat 
flux of the workers with protective clothing will be 
measured during work and rest periods.  As soon as the 
heart rate and the skin temperature increase above the 
safety threshold, the warning signals will alert the 
worker, either by vibration, visual, or audible signals. 
The severity can be emphasised through the 
range/volume of the signals. The system is extended to 

capture the amount of Ultra Violet (UV) exposure and 
cover remote monitoring where the alert signals can be 
sent to the central monitoring unit. The sensor data can 
be analysed in real-time and generate warning signals 
when certain safety thresholds are passed, e.g. there 
may be a sudden increase in worker’s skin temperature 
and/or heart rate. The warning signal will alert workers 
and other team members when their critical heat limits 
begin to exceed certain thresholds and subsequently 
reduce work related accidents through early detection 
of hyperthermia.  

The contributions of this paper are the design of the 
integrated wearable undergarment for monitoring 
physiological signals in extreme environment, and the 
method for evaluating the undergarment in a safe and 
controlled environment prior to testing it in the field. 

BACKGROUND AND RELATED WORK 
Firefighters undergo extreme physiological stress while 
performing their duties. This could potentially endanger 
their health and activities. Therefore predicting the 
onset of thermally dangerous conditions such as high 
heart rate and core temperature is essential. A number 
of studies [1, 2] investigated the application of 
wearable sensors under protective clothing; however 
improvements are still required, as most of these 
research separate the protective clothing from the 
sensor network and do not consider all the parameters 
required for monitoring firefighters’ physiological 
extremes. A heat stress prediction algorithm is 
proposed in [1], using data from a body-sensor 
network is attached to body under the heavy protective 
clothing worn by Explosive Ordnance Disposal (EOD) 
operatives when carrying explosive devices [2]. WASP 
[3] is a wearable tracking device that is strapped on 
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top of the knit t-shirt worn underneath a protective 
clothing for firefighting. It only tracks firefighters’ 
locations and physical activities, not their physiological 
status. In [4], a survey of indoor localization and 
tracking for emergency responders is presented. In [5], 
group proximity are measured using smartphones and 
a low-power communication radio. In [6], the breathing 
apparatus of firefighters are connected to an Android 
smartphone to monitor ventilation pattern.  
To our knowledge, there is no existing work that 
investigates an integrated wearable garment for 
monitoring physiological extremes.  

SYSTEM ARCHITECTURE AND DESIGN 
Mesh Network Design 
In an environment where a multitude of wearable 
garments are present, yet dispersed throughout an 
extended area, such as the team-oriented nature of 
firefighting, there is an opportunity to leverage wireless 
interconnectivity to create wireless “mesh networks”. 
Through the utilisation of signal re-transmission via 
intermediate nodes (hopping), information can be 
broadcast to devices far beyond the range of the 
original transmitter. With the inclusion of sensor 
threshold alarms in a personnel-monitoring system, a 
multi-node mesh networks allows for the broadcast of 
crucial information to not just a central base station, 
but also between all connected devices. An example of 
this would be seen when in a firefighting environment, 
should the health vitals of an individual exceed levels of 
determined safety nearby personnel could act to 
provide immediate support and aid.   

Establishment of a base station in such mesh networks 
forms a central decision platform as a repository of 
transmitted data for visualisation and action. Such a 

network allows for the addition of modular sensors that 
provide additional data beyond the scope of internal 
temperature measurements. This data can represent a 
multitude of variables including environmental (UV 
index, external temperatures) and movement (GPS, 
acceleration). Providing location and physiological 
metrics of all participants which allows for the 
optimisation of operational safety and resource control 
in an extreme environment.   

This system is to be designed to lead to considerable 
reduction of heat related injuries and increase efficiency 
of the workers in hot environments. An alarm (auditory 
beeping signal, vibrating buzzer, or LED lights) will be 
raised whenever a temperature threshold is reached. 
The sensor data is transmitted wirelessly for remote 
monitoring, analysed and visualised using a phone app. 

Hardware prototype 
For the necessary interpretation and transmission of 
sensor information a central microcontroller capable of 
handling both digital and analogue signal inputs was 
utilised. The Arduino Fio microcontroller was specifically 
selected for the platform’s ability to directly incorporate 
a radio module with an XBee-style footprint. This allows 
direct flexibility in radio selection to match specific 
system operational requirements. Whilst an XBee 
series-1 radio (IEEE 802.15.4 protocol) was used for 
preliminary testing, the footprint allows for the ability 
to “hot-swap” several alternate radio modules (i.e. 
Bluetooth, Wi-Fi and GSM protocols) to gain desired 
improvements in power efficiency, security, range or 
interconnectivity. The battery was sized to perform 
measurements over a 5-hour logging session, since 
battery life, using 1200mAh 3.7V LiPo, is approximately 
5 hours with GPS not active. Further adjustment to 

 

 Figure 1. System Architecture 
and robust enclosure for testing 
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battery sizing will be performed to system power usage 
and necessary uptimes during alternate testing 
conditions.  

For the direct monitoring of radiant heat and its effects 
upon an exposed person, eight temperature and four 
humidity/temperature sensors were integrated into the 
system. To minimise the level of wiring necessary and 
to aid in later expandability, DS18B20 digital 
temperature sensors were utilised to measure a range 
from -55ºC to 125ºC, at ±0.125ºC 11-bit accuracy [7]. 
To measure perspiration rate and flux, the system 
includes four relative temperature and humidity 
sensors. The DS18B20 temperature sensors utilised 
function to monitor temperature fluctuations close to a 
wearer’s skin and internal garment layers. 
Temperatures are limited to a maximum of 125ºC, a 
limit far lower than expected within the complete fire-
fighting environment where flame temperatures can be 
from 800-1100°C [8].  

With the human circulatory system performing a crucial 
role in temperature control within the body, it was 
deemed necessary to monitor responses in heart rate 
to body temperature, as the body increases blood 
circulation to remove waste heat. To measure this 
response a Polar T34 transmitter and receiver module 
was included within the system. This allowed the 
unobtrusive monitoring of a participant, without the 
impairment to their functional role experienced by 
other solutions such as earlobe or finger based pulse 
monitoring. 

To determine location and motion of a fire fighter two 
solutions were implemented; a multi-channel GPS 
module for determining relative positioning within the 

firefighting arena, and a 3-axis accelerometer system 
to measure inertial changes associated with motion and 
orientation (ie standing, laying down). To complete the 
advantages of the system and provide direct 
biofeedback to a wearer, the following components 
were incorporated: a piezo buzzer (audible), vibration 
motor (haptic) and multicolour LED (visual). Off-the-
shelf waterproof enclosure was utilised for this phase of 
evaluation (Figure 1). The next phase of the research 
will include a detailed design of the sensor enclosure. 

Realtime Sensor Cloud Services and Indoor Tracking 
The data can be transferred through several methods. 
For the purpose of testing data was streamed wirelessly 
from the garment via Xbee to a supporting laptop 
computer equipped with an Xbee receiver. This allowed 
for both the logging of incoming data, and the 
opportunity to visualise real-time information for direct 
analysis. Real-time logging and monitoring was enabled 
through a sensor cloud service, with cloud-based data 
management in a related previous work [9]. A 
mechanism for indoor tracking using ZigBee Received 
Signal Strength Indicator was also done [9].   

TESTING PROCEDURE 
Thermal sweating manikin/thermal chamber 
experimental procedure   
The thermal manikin was used to gain an 
understanding of the response of the temperature 
sensors within a controlled environment. The smart 
undergarment prototype was evaluated using the 
sweating manikin model Newton P357 from 
Measurement technology Northwest (USA). The 
manikin consists of 20 independently controlled thermal 
zones (Figure 2) and each zone has sweat control 
through evenly distributed fluid ports on its surface. 

 

 Figure 2. Manikin thermal zones 
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Fluid is preheated before it is distributed to the ports on 
the manikin surface. All tests were performed in the 
climatic chamber under the environmental temperature 
of 35 ± 2°C and humidity of 40% ± 5% (Figure 3). The 
skin of the manikin was saturated with distilled warm 
water before dressing. In this study, the undergarment, 
made of 80% nylon (polyamide) and 20% Lycra 
(spandex) compression garment, was placed on the 
manikin and two commercially available fire fighter’s 
jackets were worn on top. Water vapour resistance of 
the garments was measured, when sweating rate was 
set to 300 ml/hr.m2 and the skin temperature was 35 
°C. The cover factor was set to 1 for undergarment and 
1.48 for the jackets. The thermal balance is reached in 
45 minutes and the results were calculated 30 minutes 
after system reached steady state with coefficient of 
variation (CV) < 5%. The sensors were mounted on the 
manikin within zones 9 and 10 (Figure 2). The positions 
of the sensors were strategically placed for accurate 
measurement of the thermal readings from the 
abdominal region; for minimal impact on 
manoeuvrability and for comfort. The sensors were 
tested with two different jackets to see if the sensors 
would operate differently with each jacket. Since, the 
thermal characteristics of each jacket differ, so would 
the thermal state of the fire fighter. The effective 
thermal thresholds of the firefighter in situ will 
therefore be different with the different styles of jacket. 

Preliminary sensor evaluation 
The temperature sensors were validated against high 
precision sensors in the thermal chamber. We noticed a 
decrease in response time of temperature sensors due 
to thermal conductance/capacitance of waterproof 
casing. Four relative temperature and humidity sensors 
were used for measurement of humidity close to the 

manikin’s skin (see figure 2: DT0-3 and DH0-3 
respectively) to measure perspiration on the thermal 
sweating manikin. The manikin tests were conducted 
after saturating the manikin’s skin. So in this context, 
the humidity sensors were saturated and rendered 
unusable. However, in situ the humidity sensors will be 
effective for time based measurements of standard 
moisture accumulation for indication of a state of 
saturation in the field where the body no longer has the 
ability to cool itself through evaporative cooling. 

The temperature, thermal flux, and sweat rate was 
monitored during the experiment. Data was extracted 
and averaged at one minute intervals by the thermal 
manikin data requisition software. Readings were taken 
from the 8 temperature sensors and 4 relative humidity 
and temperature sensors at 0.1Hz until thermal 
equilibrium had been reached. The following graphs 
(Figure 4) are sample output time series plots showing 
the relationship between the ambient conditions, 
temperature measurements from the manikin and the 
ds18b20 temperature sensors and the heat flux 
supplied to the relevant manikin zones. At this stage 
we can deduce that the temperature sensors are 
showing definite trends through repeated tests of the 3 
conditions of dress (Figure 5).  The temperature 
sensors appear to be underestimating the actual skin 
temperature by approximately 2 degree Celcius. 
Therefore, calibration of relevant temperature data will 
be performed, which is now possible since the in situ 
tests at Live Fire Campus have been conducted with 
data to be analysed. The thermal thresholds detected 
by the temperature sensors will need to be correlated 
with the critical skin temperatures relevant to a state of 
heat stroke, though the warning temperature threshold 
will certainly be below this level.  

 

 

 

Figure 3. Three states of dress 
were tested. Top: the 
undergarment (UG). Middle: the 
undergarment with Jacket 1 (J1). 
Bottom: the undergarment with 
jacket 2 (J2).  
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Figure 4. Sample sensor data readings in time series plot 

CONCLUSION AND FUTURE WORKS 
This paper presents a novel integrated design of a 
smart wearable undergarment for monitoring 
physiological extremes. We also presents a method to 
evaluate the prototype in a controlled environment 
prior to field tests. During the manikin experimental 
procedures, the thermal response of the temperature 
sensors were adequate based on the repeatability of 
the data sets from various states of dress. The 
humidity sensors were inadequate to sense the rate of 
perspiration since they were saturated due to the initial 
manikin experiment setup. In situ tests have been 
conducted at the Live Fire Campus in Brisbane. During 
field tests, the humidity sensors can measure the 
degree of saturation due to perspiration accumulation 
during extreme scenarios. Further analysis of the data 
will be conducted. 
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Figure 5. 10 minute averages 
from 7 manikin test iterations 
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