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Abstract:

From the second half of the 1990s, thanks to more affordable and more powerful infor-
mation technology and electronical systems for recording based on miniaturized sensors,
we can observe a more intensive development of a method of data analysis and a system
that monitors the physical and psychological conditions of soldiers. Systems for measuring
and evaluation methods of physical and medical data for the diagnostics of physical and
psychological state have significantly spread, especially in clinical practice. This study,
however, examines the current technologies and usage of the wearable monitoring systems
in military field. The result of this study is not only the not-yet published summary of the
current state, but also the proposed possibilities of usage and recommendation of specific
systems, their sensors and system methods in the military. Thus, the article can serve as
a guide for choosing suitable and affordable electronical wearable systems and methods
of quantitative evaluation of physical and psychological conditions of people in the mili-

tary.
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1. Introduction

The spread in the use of wearable systems and methods for evaluating physical and
psychological conditions of subjects can be traced back to the half of the 1990s, thanks
to the technology and electronic measuring systems based on new miniaturized sensors.
The most frequent use of analysis of the condition for the diagnostics of physical and
mental health can be found in medicine in the civilian sphere. Nevertheless, analysis of
medical conditions may find use not only in civilian sphere, but also in several areas of
military environment, such as:
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1. diagnostics of health, physical and mental readiness

o of applicants for military service in military hospitals;

o of soldiers before sending them to foreign missions, or before that, in
military hospitals and infirmaries;

o and stress in small medical centres during special long-term or short-
term trainings;

o and stress of soldiers in small medical centres (in a combat area of op-
erations) during military missions;

o of soldiers directly during long-term or short-term trainings and military
missions independently of any medical centres;

o of soldiers or veterans in military or civil medical centres (or home in
the case of distance medicine) during treatment and rehabilitation;

2. evaluation of progress or deterioration in physical and psychological state in the
scope of the development of new assistive technology (prosthetic or orthotic de-
vices etc.) for soldiers and veterans.

Wearable systems may be used directly to record quantities describing health con-
dition of subjects, followed by an immediate evaluation of the data, during training by
biofeedback using PC, both in the course of rehabilitation, training of soldiers or during
the combat mission. The objective of the article is the analysis of the recent state of the
use of wearable systems in the military field. Due to this, the article is divided into two
main parts: the research of the use of systems and the research of the use of methods of
quantitative evaluation of the data from systems measuring the physical and psycholog-
ical conditions. Article presents an overview of the recent state of the application of
systems and methods of evaluation of health condition in military sphere. The article
also presents the current state of development of systems in the Army of the Czech
Republic and recommends specific conceptions of systems and methods. The article
thus may be a tool for choosing appropriate electronic wearable systems and methods
of quantitative evaluation of physical and psychological conditions of people in the mil-
itary field.

2. Overview of Current Systems and Methods

Systems based on specific sensors and suitable methods of quantitative evaluation
of measured data are developed and tested for monitoring physical and psychological
conditions of soldiers. In this part of the article, we will briefly introduce the current
state of development of wearable systems for military application, an overview of used
or tested sensors of wearable systems and list the basic division of applied methods of
measured data evaluation.

2.1. Division of Current Wearable Systems

Currently, there are several wearable systems, which differ in technical design, but in
most cases, they are modular systems that use specific sensors that allow monitoring of
specific parameters based on demands of its usage. Many research projects were devoted
to the design of general-purpose or medical body sensor solutions in the last decade
[1-9], as well as recent research projects are [10-15]. The target groups are, apart from
armed forces, fire departments, emergency medical services and other rescue services.
Specifications (i.e. the use of specific sensors) and their use within the various groups
may differ. Some agencies need to monitor many parameters (e.g. temperature, presence
of specific Chemical, Biological, Radiological and Nuclear (CBRN) substances in the
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air, etc.), which is possible due to the modularity of majority of the available systems.
Such wearable systems are called Wireless Body Area Network (WBAN) or a body
sensor network (BSN). For the application in armed forces, the systems are formed by
small electronic devices placed on a body of a soldier. The function of these sensors is
to obtain, convert, transmit and receive a specific signal, which is captured by specific
sensors, which are chosen appropriately to the monitored environment. These sensors
not only complexly monitor physiological values and health condition of soldiers, but
also monitor their physical load and other factors that lead to the identification of haz-
ardous conditions.

Wireless body systems are generally grouped into [16]:

1. off-body, the device is located on the body and communicates with one (or more)
devices located off-body;

2. on-body, a number of devices is located on the body and they communicate with
each-other;

3. in-body, the devices are implanted (some or all of them).

Types of BSN devices can be grouped into [17]:

1. (wireless) sensor node: responds and gathers data on vital signal / physical stim-
uli, processes the data (if necessary) and reports this information wirelessly;

2. (wireless) actuator node: acts according to the data received from the sensors or
through an interaction with the user;

3. (wireless) personal device (also called a Body Control Unit): gathers all the in-
formation acquired by sensors and actuators and informs the user.

All the previously listed types / groups of a basic wearable system division can find
an application in civilian as well as in military environment. According to the focus of
this article (i.e. the use of wearable systems in military practice to monitor physical and
psychological conditions of a soldier during a mission), the rest of the paper focuses on
suitable types of sensors nodes communicating off-body.

2.2. Current Wearable Sensors Division

In this part, a main overview of current sensors which are tested or already used in the
developed wearable systems, is listed.

Heart Rate Sensors

Basic sensor for monitoring [18-20]. Depending on the type, the sensor must usually be
in contact with a body segment (i.e. skin) and is placed on trunk or limbs with adhesive.
Based on heart rate, you can infer, for example, the stress and physical exertion of a sol-
dier [21].

Electrocardiogram Sensors

Sensors sense the small amplitude electrical signals associated with heart contractions
and heart irregularities. ECG analysis by portable sensors is not meant to perform a de-
tailed clinical diagnosis, but to provide an understanding of health status or to aid in
life-sign detection [22, 23]. The sensor must be in contact with a body segment (i.e.
skin) and is placed on trunk with adhesive. It provides more detailed information about
the state of heart than the Heart rate sensor.

Electroencephalography Sensors

Sensors for monitoring brain electrical activity are used, for example, in an intelligent
helmet [23-25]. They provide information for monitoring the vital signs and brain dam-
age. Apart from that, they can also provide information about the effect of
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sedative / anaesthesia in patients in medically induced coma. The sensor must be in con-
tact with a body segment (i.e. skin) and is placed on head.

Respiratory Rate Sensors

Respiratory rate is the number of breaths per minute or, more formally, the number of
movements indicative of inspiration and expiration per time unit. The aim of measuring
respiratory rate is to determine whether the respirations are normal, abnormally fast,
abnormally slow or non-existent [26, 27]. Depending on the type, the sensor may or may
not be in contact with a body segment (i.e. trunk).

Blood Pressure Sensors

The sensors measure human blood pressure. They usually measure systolic, diastolic
and mean arterial pressure. Some of them also measure pulse rate [19, 25, 28]. There-
fore, they provide information about physical and psychological condition of the
subjects, which is, for example, stress or a severity of an injury. Depending on the type,
the sensor must usually be in contact with a body segment (i.e. skin) and is placed on
trunk or limbs.

Pulse Oximetry Sensors

Sensors used to measure the blood oxygen saturation (SpO2) [29, 30]. The device
measures the oxygen consumption, and therefore is used to monitor the physical and
psychological load. Depending on the type, the sensor must usually be in contact with
the segment of the body and is located on the limbs.

Other Photoplethysmographic Sensors

With these sensors and with good calibration, it is possible to determine not only the
oxygen saturation of blood, but also, for example, the blood pressure from the photo-
plethysmogram. As with all measured parameters, the relative change from the values
in resting condition and under load is important [31]. Depending on the type, the sensor
must usually be in contact with the segment of the body and is located on the limbs.
Thoracic Electrical Bioimpedance Sensors

The system measures cardiac output and other hemodynamic parameters [32]. By meas-
uring these parameters, the system allows us to monitor the physical and psychological
condition of subjects. Depending on the type, the sensor must usually be in contact with
a body segment (i.e. skin) and is placed on limbs.

Electrooculography Sensor / Eyeblink Sensor

It allows us to measure the eye movement and intensity of blinking, the sensors are used,
for example, in an intelligent helmet [23, 24]. The eye movement allows us to determine,
for example, the stress or fatigue of the subject. The sensor does not need to be, depend-
ing on the type, usually in contact with a body segment and is located on the head in the
proximity of the eyes.

Acoustic Sensors

They allow us to evaluate thoracic sounds /trauma, speech, etc. [33]. This allows us to
monitor the condition of a soldier. The premise is the use of expert system for the auto-
mated determination of the status of the subjects based on the audio recording. The
sensor does not need to be, depending on the type, usually in contact with a body seg-
ment and is located in the proximity of the trunk or head.

Electromyography Sensors

An electromyograph detects the electric potential generated by muscle cells when these
cells are electrically or neurologically activated [25, 34]. The sensor must be in contact
with a body segment (i.e. skin) and is placed on trunk or limbs with adhesive.
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Temperature Sensors

One of the most used sensors in systems monitoring soldier’s conditions are the body
temperature sensors [18, 20, 22]. The parameters of soldiers are usually measured con-
tinuously and wirelessly transmitted. Sensors not only can measure the health condition,
but also the conditions of the environment, where the activity is carried out. Depending
on the type, the sensor must usually be in contact with a body segment (i.e. skin) and is
placed on trunk or limbs.

Galvanic SKkin Response Sensors

Galvanic skin response represents electrical conductivity [33]. Skin conductivity is af-
fected by the sweat from physical activity and by emotional stimuli. Sensors can
measure evaporative heat loss, etc. [35]. The sensor must be in contact with a body
segment and is placed on trunk or limbs.

Perspiration Sensors

Measuring the intensity of sweating does not directly allow to determine the trauma, but
it allows to determine the physical and psychological load of the subject, and therefore
is a suitable complementary sensor [36-38]. Depending on the type, the sensor must
usually be in contact with a body segment (i.e. skin) and is placed on trunk or limbs with
adhesive.

Motion Tracking Sensors

Primarily based on accelerometers, but also on gyroscopes, these sensors are used for
the determination of a physical activity that is specified by a development of accelera-
tion or by a change in orientation of the body segments in space [18, 25]. The sensor
does not usually need to be in direct contact with a body segment and is placed by trunk,
head or limbs with adhesive.

Strain Gauge Sensors

Sensors that allow to determine weight load, walk ratio (step length/cadence), pose,
etc. [33]. By using an expert system, it is possible to determine the soldier’s activity, or
identify the type of the injury based on the load distribution on the limbs, etc. Depending
on the type, the sensor may or may not be in contact with a body segment and is located
under the limbs.

pH Level Sensors

Sensors that allow to determine the overall health condition based on skin surface pH.
The acid reaction represents a defence mechanism of the skin surface. It is the least
necessary sensor for monitoring the conditions [39]. The sensor must be in contact with
a body segment (i.e. skin) and is placed on trunk or limbs with adhesive.

Lactate Level Sensors

The measuring is done, for example, using the mouthpiece in the form of a mouthguard,
which analyses saliva by enzyme electrodes [40]. Another option is an analysis of tears
by special contact lenses [41], or an analysis of sweat [42]. Depending on the type, the
sensor must be in contact with a body segment and is placed by on trunk or limbs, or,
eventually, in the oral cavity or in contact with the cornea.

Glucose Level Sensors

The measuring is done by analysing glucose in tears [43] or in sweat [38]. The sensor
must be, depending on the type, in contact with a body segment (i.e. skin) and is placed
on trunk or limbs with adhesive, or in a contact with the cornea.

Other Electrochemical Sensors of Homeostasis

Other wearable electrochemical sensors include sensors of uric acid [44], ammonium
(high levels during metabolic alkalosis) [45], sodium [46]. Depending on the type, the
sensor must usually be in direct contact with a body segment.
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The order of the selected sensor types is determined by the specific application
goals. For example, if the primary intention is the life-sign detection, then it is important
to monitor blood pressure and brain function. However, if the primary goal is to avoid
heat-related injuries during training, temperature and galvanic skin response sensors are
of primary importance. Heart rate, electrocardiogram sensors and respiration are, on the
contrary, basic indicators for the study of the overall condition of the monitored subject.
For a summary and a comparison of sensors, as described above, see Tab. 1.

Tab. 1 Overview of summary of sensors

condition, overall
health condition, etc.

Measured Inferred
Sensor . . Body placement
parameter information
immediate physical
d psychological .
Heart rate sensors heart rate and psychologica trunk, limbs

immediate physical

Sensors

health condition

Electrocardiogram heart rate, heart rate and psychological trunk
Sensors variability, etc. condition, overall
health condition, etc.
immediate psycho-
Electroencephalog- logical condition,
entropy, power, etc. . head
raphy sensors overall health condi-
tion
. immediate physical
Respiratory rate . .. Py
respiratory rate condition, overall trunk, head

Blood pressure
Sensors

blood pressure

immediate physical
condition, overall
health condition

trunk, limbs

immediate physical

mographic sensors

blood pressure, etc.

condition, overall
health condition

Pul i 1
ulse oximetry blood Ox.y gen condition, overall trunk, limbs
Sensors saturation ..
health condition
i diate physical
Other photoplethys- tmmeciate pnysica

trunk, limbs

Thoracic electrical
bioimpedance
Sensors

blood pressure, etc.

immediate physical
condition, overall
health condition

trunk
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Measured Inferred
Sensor . . Body placement
parameter information
Electrooculography Immediate physical
sensor / eyeblink eyeblink rate, etc. condition, overall head
sensor health condition
Immediate physical
Acoustic sensors respiratory rate, etc. condition, overall trunk, head

health condition

electric potential

immediate physical

Elect h .. .
eelromyograpy generated by muscle condition, overall trunk, limbs
sensors .
cells, etc. health condition
immediate physical
d hological .
Temperature sensors temperature anc psychologica trunk, limbs

condition, overall
health condition

Galvanic skin re-
sponse sensors

skin conductivity

immediate physical
condition, overall
health condition

limbs

Perspiration sensors

relative humidity

immediate physical
and psychological
condition, overall
health condition

trunk, limbs

Motion tracking
sensors

acceleration, angle
of rotation, etc.

immediate physical
condition, overall
health condition

trunk, head, limbs

force, deformation,

immediate physical

Strain gauge sensor condition, overall limbs
etc. o
health condition
immediate physical
pH level sensors pH level condition, overall trunk, limbs

health condition

Lactate level sensors

lactate level

immediate physical
condition, overall
health condition

trunk, limbs, oral
cavity, cornea

Glucose level
sensors

glucose level

immediate physical
condition, overall
health condition

trunk, limbs, cornea

Other electrochemi-
cal sensors of
homeostasis

uric acid level, etc.

overall health
condition

trunk, limbs

265
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2.3. Classification of Current Data Evaluation Methods

In recent years, development in the field of wearable systems has generally focused on
suitable mathematical algorithms for processing and interpretation of measured physio-
logical and environmental signals [47-51]. In the past, a number of quantitative
evaluation methods have been, independently on their eventual usage in the field of
soldier wearable systems, developed for the evaluation and interpretation of the data
measured by the wearable system sensors. Choosing the specific methods in practice is
influenced not only by the characteristics of the processed signal, but also by the deci-
sion if the measured data must be processed online, so that one can be alerted about an
imminent collapse of the organism, or they can be only gathered and processed after-
wards. This has a significant influence on the computational complexity of the method.
There are many ways of computing and evaluation of data, but they can be classified as
follows:

Methods of Evaluation of Time Domain Data

The most frequently used methods of evaluation of data by defining parameters such as
maximal value, minimal value, range of measured values, variance of the measured val-
ues of the specific measured quantity [13, 52, 53]. The determined parameter's value in
specific moment in time can determine the condition of the measured subject, either by
the expert evaluation of the relevant person, or automatically, based on previous meas-
ured normative values corresponding to a specific state of subject.

Methods of Evaluation of Frequency Domain Data

Evaluating data in the frequency domain using amplitude spectrum as well as power
spectrum. Frequency domain evaluation is rather complex for interpretation compared
to methods of evaluation of time domain data. That is why these methods are not used
as often as the methods of evaluation of time domain data in the case of wearable sys-
tems. Although, the methods using the Fourier transformation or wavelet transformation
are often used in specific cases, for example, in the evaluation of the heart rate, electrical
activity of brain or movement activities (i.e. tremor) [54-57], where the interpretation is
intuitive and taken from the common civil application.

Nonlinear Methods of Data Evaluation

Linear methods work with an assumption that every behaviour pattern in a sequence of
repeated tasks is independent from the preceding and following behaviour. In contrast,
nonlinear methods approach the structure of variability by analysing fluctuations in pat-
terns in time and observe how one behaviour can affect the next one. Despite recent rise
in the use of nonlinear methods, these are still a less popular choice for professionals
compared to the previous methods, mainly due to the demanding processing and com-
plexity of data interpretation [58]. These methods are not used with wearable systems
in military.

Methods of Evaluation of Relationship between Measured Variables

There are many indicators in the quantitative evaluation of data based on the analysis of
relations between measured variables. Generally, two or more simultaneously recorded
quantities and their interdependence are evaluated. The methods, however, are not used
often due to their computational complexity and intricate interpretation compared to the
methods of evaluation of time domain data [59]. These methods are not used for wear-
able systems in military.
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2.4. The Status of the Systems and Methods in Use in the Czech Armed
Forces

In this part, we will describe the currently used specific systems and methods in the
military field in the Czech Republic with a focus on wearable systems and the corre-
sponding methods.

2.5. Wearable Systems

Although many wearable sensors for monitoring heart [60], breathing [61], temperature
[62], etc. were developed in the Czech Republic, none of them, apart from exceptions,
are used in the military. The wearable systems are used only experimentally in the Czech
Armed Forces. For example, the FlexiGuard system [13, 63] is a biotelemetric system
for monitoring the physiological conditions of rescuers, firefighters and soldiers and it
was developed at the Faculty of Biomedical Engineering of the Czech Technical Uni-
versity in Prague. The design was based on the needs of end users from the ranks of
firefighters and soldiers and in direct collaboration with them. The purpose of the system
is to increase the personal safety of the monitored people during training and missions:
every member of the team (typically 4 to 10 people) has sensors, which are placed in
their equipment (i.e. suit or under a suit) and which measure a number of biological and
technical parameters and transfer these data wirelessly to the visualization unit of the
commander. The basic set consists of heart rate sensors, body surface temperature sen-
sors, motion tracking sensors (accelerometers) and perspiration (humidity) sensors.
The system can also contain respiratory rate sensors. Adding more sensors (e.g.
multisensory of explosive and poisonous substances, detector of ionizing radiation, etc.)
can be implemented and used by a few mouse clicks. Signal synchronization with the
footage from the digital camera connected to the command visualisation unit is also
possible. In Fig. 1, the monitoring kit for one person is shown. The general aim is to
create a functional monitoring device in the desired form that will allow localization,
monitoring of health and physiological parameters (e.g. heart rate, body surface temper-
ature) and automatic signalization of risk conditions (e.g. physical exhaustion, overheat)
of a soldier in extreme conditions. The system also allows to distinguish the nature and
intensity of the movement of a soldier (e.g. laying down, standing, running, crawling),
determining his actual and overall energy expenditure, including monitoring of the en-
vironmental parameters (e.g. temperature, presence of dangerous substances, humidity).
The system was already tested in field conditions, but has not been implemented in
practice yet. Thanks to the power saving mode, the battery life is 15 to 72 hours. Testing
resistance against extreme temperatures was carried out by observing the functions of
the device in environment with temperatures —15 °C and +80 °C. Temperature changes
did not have any effect on the functionality of the sensors [13, 63]. Inside every personal
measuring unit, there is a memory card that stores every input signals, even in the case
of random blackout of the wireless data transmission with the command visualisation
unit. Therefore, the developed system allows long-term monitoring of a soldier during
a mission. A proposal to implement the system in the soldier’s gear, development of the
measured data evaluation methods and extensive testing in terrain is being carried out.

2.6. Methods of Data Evaluation

For the evaluation of the data from the wearable systems, methods of evaluation of time
domain and methods of evaluation of frequency domain data are being currently used in
the Czech Armed Forces. Primarily, there are the determining of the maximal value and



P. Kutilek, P. Volf, S. Viteckova, P. Smrcka, L. Lhotska, K. Hana,

268 V. Krivanek, R. Doskocil, L. Navratil, Z. Hon and A. Stefek

the range of values of the measured quantities in specific time interval. By using the
mentioned method of direct magnitude calculation of the measured quantity, we can
avoid the necessity of transforming the data or calculating complex derived parameters,
which greatly accelerates the data transmission and interpretation. The determined data
of maximal values and ranges of values of the measured quantities are then analysed.
Therefore, traditional parameters for data evaluation in time interval are used. In the
context of the use of data evaluation in the frequency domain, new parameters (e.g.
frequency of peak amplitude) are being tested. Using traditional parameters is given by
the fact that the system is being developed in collaboration with clinical practice, which
demands application of already implemented methods and verified parameters of eval-
uation in the wearable systems. The Czech Armed Forces thus, with the use of the
wearable system, measures and evaluates heart rate, respiratory rate, body temperature
and acceleration value at specific time point or time interval during the training in the
field [13, 63]. From basic parameters, with a computer wirelessly gathering data, it is
possible, using the defined threshold values of the measured parameters, to determine
the physical condition of the proband (e.g. reaching the anaerobic threshold, position of
a segment of the body, overheat identification, energetic expenditure assumption, etc.)
and to gather data about the environment he is in (e.g. dangerous substance presence,
etc.). This information is presented in user-friendly interface in the command visualisa-
tion unit and it can be used, for example, for decision making, for optimization of the
training course, etc. An example of the user interface is shown in Fig. 2.

heart
rate
sensor

perspiration temperature three-axis
sensor sensors accelerometer

Fig. 1 Kit for monitoring the mental and physical condition of a single subject

In practice, the summary view of the resulting information in the form of “traffic
lights” has proven to be the most suitable (green — everything is okay, orange — slightly
higher values than the threshold, or technical difficulties, red — significantly higher val-
ues than the threshold). Apart from this summary, a complete log of signals of the
monitored soldiers is being recorded. It is possible to go through it anytime, to determine
the cause of the alarm, and to compare individual reactions of the subjects to the stressful
situations.
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Fig. 2 Illustration of the graphical user interface with the measured data
(energy expenditure (EE) and acceleration (Acc)) of a single subject

3. Discussion

In this part of the paper, we assess the current state of the use of specific systems and
methods in the military field, focusing on wearable systems and appropriate methods,
both in the world and in the Czech Republic, and we make recommendations of suitable
types of systems, sensors and methods to be used in the army.

3.1. Wearable Systems

As mentioned before, numerous research projects were devoted to the design of general-
purpose or medical BNS solutions in the last decade; moreover, new research projects
have recently been launched. However, based on the background research done and the
mentioned description, up to our knowledge, there is no serious publicly available re-
search in the area of military BSNs. In recent years, the development in the field of
wearable systems generally focused on increasing the number of different types of sen-
sors enabling to monitor physiological, behavioural and environmental parameters. It
also focused on the development of improved usability, ergonomics and robustness of
the system against harsh environments. Beside the general challenges related to BSNs,
such as security, reliability, energy efficiency and robustness against external interfer-
ences, the specific context of military applications introduces new design constraints
and research challenges in comparison with civilian BSN solutions. Units of the armed
forces are generally deployed in harsh environments and require effective communica-
tion to transmit real-time information to their command centre for proper decision
making. Thus, military BSNs, not relying on pre-existing network infrastructures, are
capable of operating in the case of unavailable or overloaded local network (e.g. 3G,
LTE) and data are still transmitted from the deployed mobile units to the command cen-
tre. Generally, it applies that military systems are similar to the ones used in civilian
sphere, but more resistant to interference and with longer service life. Regarding the
article topic, we will focus on the appropriateness of specific sensors of the wearable
systems for military use.
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3.2. Sensors of Wearable Systems

The current development of sensor application is focused on possibilities of suitable
technical placement (e.g. comestible temperature-measuring pills, “smart” chest straps,
hats or shirts, new textile materials). The aim of research teams is also the development
of very small biocompact sensors of physiological parameters, which will be implanta-
ble under skin or attached to the surface of a mucous membrane, for example, in the
digestive system [51]. This overview shows the use of specific wearable sensors in the
world, as well as in the military, and it describes their advantages and disadvantages.
Heart Rate Sensors

Basic sensor that has been already used for monitoring soldiers in practice. Due to the
capability of monitoring vital functions and small dimensions, it can be assumed that it
will be further used in the wearable systems.

Electrocardiogram Sensors

Used only experimentally. Due to the complexity of the measured data, which are more
demanding on interpretation, it is not assumed that they will be used in practice. How-
ever, they are and will be standardly used in larger medical facilities. It is assumed that
the wearable sensors will be used only during training with the following evaluation of
experienced medical personnel, or, in the future, in a decision support system or a com-
plex expert system.

Electroencephalography Sensors

Not used in practice in the wearable systems, only experimentally in hospital laborato-
ries and home environment. Due to the complexity of the measured data, which are more
demanding on interpretation, it is not assumed that they will be used in practice. It is
assumed that the wearable sensors will be used only during training with the following
evaluation of experienced medical personnel, or, in the future, in a decision support
system or a complex expert system.

Respiratory Rate Sensors

Basic sensor that is used for monitoring soldiers, used in practice. Due to the capability
of monitoring vital functions, it can be assumed that it will be further used in the wear-
able systems. With other sensors, it will form the basis for monitoring the condition of
the individual in conjunction with simple expert systems.

Blood pressure Sensors

Already used in wearable system, but it is a space-demanding type of sensor. Due to the
possibility of monitoring not only the heart function, but also the circulatory system, it
can be assumed that if the size gets minimized, it will be widely used. Basic expert
system can determine health condition of a soldier using the data from the system.
Pulse oximetry Sensors

Used only experimentally in wearable systems. The sensor can complement the heart
rate sensor with data about circulatory system. Due to the more demanding evaluation
of data, and therefore the necessity of an expert evaluation or more complex expert sys-
tem, it can be assumed that the system will be used primarily in medical facilities.
Other Photoplethysmographic Sensors

Used only experimentally in wearable systems. Sensors can monitor, for example, the
circulatory system and complement other vital-functions sensors. Due to the more de-
manding evaluation of data, and therefore the necessity of an expert evaluation or more
complex expert system, it can be assumed that the system will be used primarily in
medical facilities or in combat vehicle cabs, but not in the “smart” suits of soldiers.
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Thoracic Electrical Bioimpedance Sensors

Used only experimentally. Due to the complexity of measurement, larger system size
and measured data that are more demanding on interpretation, it is not assumed that they
will be intensively used in field conditions. Neither their use in large medical facilities
is standard. It is assumed that the wearable sensors will be used only during training
with the following evaluation of experienced medical personnel.

Electrooculography Sensor / Eyeblink Sensor

Used only experimentally in wearable systems. The sensor can complement sensors
such as heart rate sensor and respiratory sensors. Due to the minimal use in the wearable
systems, no suitable evaluation methods exist. It is, however, possible to use them in the
already used helm-implemented systems, for example, as a component of a micro cam-
eras that evaluate the activity of soldiers during training.

Acoustic Sensors

Used only experimentally in wearable systems. The sensor can complement sensors
such as heart rate sensors and respiratory sensors. Due to the simplicity of structure and
compactness, it can be used in field conditions. Already existing system that is part of
the gear, for example, a microphone for communication can be used for the data record-
ing. However, the automatic identification of the condition of the soldier is very
difficult. A complex expert system, which has not been developed yet, or expert person-
nel is needed.

Electromyography Sensors

Used only experimentally in wearable systems. The sensors are not monitoring vital
functions, but can monitor the condition of the musculoskeletal system. The sensors are
space-demanding, and therefore the system will be used only in larger medical facilities.
The next disadvantage of these sensors is difficult quantification of the measured signal
[64]. To overcome some shortcomings, researchers are developing sensors that can
measure other physical characteristics of muscles (e.g. muscle force). In future, it can
be used for controlling actuators in exoskeletons.

Temperature Sensors

Used very frequently in wearable systems. The sensors do not monitor any vital func-
tion, but can complement vital function sensors and, based on body temperature and
information such as heart rate, determine the load on organism. Evaluation can be done
by expert personnel and it can be assumed that the sensor will become a basic type of
sensors in wearable systems.

Galvanic Skin Response Sensors

Used only experimentally. Due to the complexity of the measured data, which are more
demanding on interpretation, it is not assumed that they will be used in practice. Neither
their use in large medical facilities is standard. It is assumed that the wearable sensors
will be used only during training with the following evaluation by experienced medical
personnel.

Perspiration Sensors

Used only experimentally. The sensor does not monitor any vital function, but can com-
plement vital function sensors and, based on sweat intensity and information such as
heart rate, determine the load on organism. Evaluation can be done by expert personnel
or system and it can be assumed that the sensor will be used in wearable systems.
Motion Tracking Sensors

Very common in wearable systems. The sensor does not monitor any vital function, but
can complement vital function sensors and, based on the intensity of movement of se-
lected segments of the body and information such as heart rate, determine the load on
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organism. Evaluation can be done by expert personnel or system and it can be assumed
that the sensor will continue to be a basic type of wearable system sensors. Another
reason why it is expected to be further used is that it allows to determine the way of
fighting, movement on the battlefield, etc.

Strain Gauge Sensors

Used only experimentally in wearable systems. The sensor does not monitor any vital
function, but can complement vital function sensors and, based on the movement of the
lower limbs, determine the load on organism. Evaluation can be done by expert person-
nel or system and it can be assumed that the sensor will continue to be a basic type of
wearable system sensors. Another reason why it is expected to be further used is that it
allows to determine the way of fighting, movement on the battlefield, etc.

pH Level Sensors

Used only experimentally. The sensors do not monitor any vital function, but can com-
plement vital function sensors and, based on the pH of the skin, determine the long-term
medical condition. Therefore, they are not suitable for wearable systems, but for use in
larger medical facilities within the framework of training.

Lactate Level Sensors

Used only experimentally. On the basis of the data, the stress level, physical exhaustion
and physical capabilities can be estimated. Due to the complexity of data acquisition, it
is not assumed that they will be used in practice; they will probably rather be used only
during training.

Glucose Level Sensors

The sensors monitor physical exhaustion and the information about the glucose level
helps to better interpret, for example, the data from the galvanic skin response sensors,
because hypoglycaemia causes excessive sweating. Due to the complexity of data ac-
quisition, it is not assumed that they will be used in practice; however, they will be used
only during training.

Other Electrochemical Sensors of Homeostasis

Not used in wearable systems. Due to the more demanding recording and evaluation of
data, it can be assumed that the system will be used primarily in medical facilities or in
combat vehicle cabs, but not in the field.

In summary, the crucial characteristics of sensors in wearable military systems are
sensor size, sensor placement, simplicity of data acquisition, difficulty or absence of
data interpretation. Military sensors face many of the same challenges as their medical
counterparts in civilian sphere, such as e.g. being comfortable to wear for many hours,
easy attachment to the body, or others. In addition, military sensors must be reliable and
durable despite harsh environment.

3.3. Methods of Data Evaluation Measured by Wearable Systems

Studies show that wearable systems are suitable and relatively precise for monitoring
basic physiological quantities, but monitoring other parameters is either inaccurate or
unpractical from the operational point of view, for example, monitoring of hydration.
Monitoring systems have certain weak spots, primarily in the interpretation and evalu-
ating the measured data. Although BSNs can produce vast amounts of raw data, it is
necessary to employ methods that convert this raw data into usable knowledge in an
efficient manner. However, it can be generally said that most of the algorithms for eval-
uation and interpretation of the measured physiological signals is relatively rudimentary
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and in need of a future development with the support of clinical experts. It is also im-
portant to consider the fact that every individual has slightly different natural values of
physiological functions, which can be problematic for the evaluation and threshold de-
termination. Therefore, it is necessary to emphasize the use of personalized medicine
within the meaning of the individualization of the “standard” for each individual and
track changes to the “standard”. An overview of the methods for the evaluation and
interpretation of measured data from the various sensors, which indicated their possible
use in military applications and which points out their advantages and disadvantages, is
listed below.

Methods of Evaluation of Time Domain Data

Since they are the most commonly used methods and the interpretation is simple, as-
suming utilization of expert knowledge, for example, in the case of comparing measured
and expected values of parameters, it can be assumed that they will continue to be in-
tensively used in portable systems. In the future, it is expected, that the data evaluation
will be automated and parameter values, gathered by different types of sensors, will be
evaluated simultaneously by a system based on, for example, neural networks or fuzzy
logic. On the basis of multiple inputs, an index determining the physical and psycholog-
ical conditions of the subjects will be deducted. Therefore, there will be no need for an
expert or expert system evaluating each of the parameters independently.

Methods of Evaluation of Frequency Domain Data

This is the second most frequently used method of evaluation. However, it needs a rec-
ord of multiple values (values in longer time interval), and therefore is more demanding
on memory and computing power, which can be a problem in the case of cheap minia-
turized sensors. Nevertheless, thanks to the miniaturization and improvement of
technical possibilities of modern sensors, we can assume a wider application in the fu-
ture. Based on the distribution of measured data in the frequency domain and
distribution presupposed by an expert, a physical and psychological condition of a sol-
dier can be deduced. In conjunction with the methods of evaluation of time domain data,
the deduction can be more precise. By aggregating information from different sensors,
a single index of the physical and psychological conditions of a soldier can be directly
deduced.

Nonlinear Methods of Data Evaluation

Methods which are more demanding on data processing and interpretation. The data
evaluation is very demanding on memory and system computing power; that is why they
are not commonly used. But with the improving of technical possibilities, they could be
applied more. Data interpretation may be based on expert system that uses artificial-
intelligence methods, which would reduce the operating requirements of the system. We
can expect extensions of these methods for the wearable systems, where they can pro-
vide more accurate or new information if compared with the methods of evaluation of
time and frequency domain data. However, the methods of evaluation of time and fre-
quency domain data are verified and widely used, while the nonlinear methods will be
seldom used, also because the number of suitable sensors for military wearable systems
is very limited.

Methods of Evaluation of Relationship between Measured Variables

As in the case of nonlinear methods of data evaluation, the methods of evaluation of
relationship between measured variables are also more demanding on processing and
interpretation. Therefore, these methods will be likely used in specifically focused larger
facilities, for example, during training and following expert evaluation by the methods
in the hospital, and not in the wearable systems in field conditions.
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Generally, we can say that most of the algorithms for processing and interpretation
of measured physiological signals is relatively rudimentary and in need of a future de-
velopment with the support of clinical experts [65]. When choosing the method for
processing the measured data, it is necessary to consider the specific applications. For
example, in the case of evaluation of current physical and psychological conditions of
a soldier on a battlefield, the speed of the data processing is the essential requirement of
the method, and therefore the methods of evaluation of time domain data will be pri-
marily used.

3.4. Recommendations Concerning Sensors and Methods for Wearable
Systems

From the above mentioned, it is clear that not all systems or sensors are suitable for use
in combat conditions and demanding environment. In the case of the expected usage of
the wearable system, the options to measure specific biomedical data for determining
the physical and psychological conditions of an individual are reduced. The following
table shows an overview of the systems and their suitability for the use in specific envi-
ronment (Tab. 2). It is necessary to bear in mind that the chosen types of sensors
determine, in accordance with the application and usage in Tab.1, the suitability of the
wearable system for the army application.

The actual methods of data evaluation are not limited by the options of their use,
but it is necessary to consider their computational complexity, necessary volume and
the form of recorded data, baud rate, etc. Some methods need longer data recording time
for the determination of the specific quantitative index, this can be a problem, for ex-
ample, in the case of miniature system with a limited memory. Another limitation is the
meaningfulness of their use. When choosing methods for data evaluation for the weara-
ble systems, we often come across some limitations, such as baud rate, memory capacity,
etc. Because of this, methods which are not so computationally demanding of evaluation
of time domain data are more suitable. It is usually a direct and immediate comparison
of the measured values with bandwidth values (i.e. value zones), which are defined by
an expert, corresponding to a specific condition of the subject. Or, if necessary, short
records of the measured data are evaluated by methods of evaluation of frequency do-
main data. When choosing specific method, it is necessary to reach a compromise
between the demands of the specific parameters and the measuring system capabilities.
We can expect, with increasing computational power of subsystems of the measuring
systems and miniaturization of their electronic components, the use of more computa-
tional demanding methods. But there could be a problem that users (the supervisory staff
that evaluates the conditions of soldiers based on more complex methods) will be over-
loaded with information and there will be a problem with effective interpretation of the
parameters measured by complex methods. It is suitable to use basic methods and a lim-
ited number of sensors that suffice for the determination of the condition of the measured
subject. Otherwise, it would be necessary to use fully, or semi-automated expert system
that would allow to reduce the load on the operator monitoring the conditions of soldiers.

4. Conclusion

From the analysis of various types of wearable systems their sensors and methods of
data evaluation given in the paper, it is obvious that, in most cases, the systems and
methods designed for the civilian sphere can be used for determining the condition of
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Tab. 2. Overview of suitability of respective systems for a long-term use
in a specific military environment

Diagnostics in

Diagnostics in
combat

Diagnostics in

Sensor Diagnostics small field . individuals in
. X . vehicles and R
type in hospitals medical ore field
military means | .
centres independently
of transport
Heart rate sensors suitable suitable suitable suitable
Electrocardiogram suitable suitable suitable less suitable
Sensors
Electroencephalog- suitable suitable suitable less suitable
raphy sensors
Respiratory rate suitable suitable suitable suitable
sensors
Blood pressure . . . .
suitable suitable suitable less suitable
Sensors
Pulse oximetry suitable suitable suitable suitable
Sensors
Other phqtoplethy 5 suitable suitable less suitable less suitable
mographic sensors
Thoracic electrical
bioimpedance suitable suitable less suitable less suitable
Sensors
Electrooculography
sensor / eyeblink suitable suitable less suitable less suitable
sensor
Acoustic sensors suitable suitable suitable suitable
Electromyography suitable suitable less suitable less suitable
Sensors
Temperature suitable suitable suitable suitable
Sensors
Galvanic skin suitable suitable highly limited unsuitable
response sensors use
Perspiration suitable suitable highly limited highly limited
Sensors use use
Motion tracking suitable suitable suitable suitable
Sensors
Strain gauge suitable suitable suitable suitable
sensor
pH level sensors suitable suitable less suitable unsuitable
Lactate level suitable suitable less suitable less suitable
Sensors
Glucose level suitable suitable less suitable less suitable
Sensors
Other electrochemi- . ..
cal sensors of suitable suitable hlghl}l;slémlted unsuitable

homeostasis
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a soldier during a mission. Several methods for monitoring physical and health condi-
tions of a subject have been developed in civilian sphere and a very small portion of
them was used in the military environment. It was mostly just the basic sensors and
oldest methods of quantitative data evaluation. The reason for this is that research in this
area is in the army primarily focused on application in specific fields of use, where the
already established and in the civilian sphere verified systems and methods are used. In
the field of wearable systems, a further development and testing in real conditions, fo-
cused on the ergonomic and evaluation aspects, is necessary. The article should, by
introducing the possibility of other types of sensors and methods, assist in the selection
and application of these wearable systems and methods in military environment.
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