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Abstract

:

In aviation, any detail can have massive consequences. Among the potential sources of failure, human error is still the most troublesome to handle. Therefore, research concerning the management of mental workload, attention, and stress is of special interest in aviation. Recognizing conditions in which a pilot is over-challenged or cannot act lucidly could avoid serious outcomes. Furthermore, knowing in depth a pilot’s neurophysiological and cognitive–behavioral responses could allow for the optimization of equipment and procedures to minimize risk and increase safety. In addition, it could translate into a general enhancement of both the physical and mental well-being of pilots, producing a healthier and more ergonomic work environment. This review brings together literature on the study of stress and workload in the specific case of pilots of both civil and military aircraft. The most common approaches for studying these phenomena in the avionic context are explored in this review, with a focus on objective methodologies (e.g., the collection and analysis of neurophysiological signals). This review aims to identify the pros, cons, and applicability of the various approaches, to enable the design of an optimal protocol for a comprehensive study of these issues.
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1. Introduction


Stress is a neuroendocrine, autonomic, behavioral, psychological, emotional, and cognitive phenomenon that occurs to promote effective coping strategies in response to a stimulus, called a stressor, perceived as challenging. Since this is a complex and synergistic response that varies from subject to subject and from situation to situation, finding an unambiguous definition is still an open challenge. Nevertheless, the current literature provides sufficient background to claim that each stressor provokes specific reactions, and that the peculiarities of the individual subject then determine a unique response in terms of manifestation, duration, and intensity [1,2]. To summarize, stress can be defined by three elements [3]:




	
a condition of heightened excitability or arousal;



	
an experience perceived as aversive;



	
an experience perceived as beyond one’s control or unpredictable.








From another perspective, stress aims to maintain homeostasis against a stressor, also promoting long-term adaptation [4]. Stressors can be most varied, both exogenous and endogenous, and can produce a top-down or bottom-up stress response. Various types of stressors are observed and described in the literature [5,6]:




	
Physical: originating from the physical state, e.g., intense physical activity, sleep deprivation, fatigue, pain, or medical emergency.



	
Environmental: originating from the external environment, e.g., noise, vibration, extreme climatic characteristics (such as high temperature or humidity), abnormal gas concentrations, high G-exposure.



	
Emotional: originating from intense emotional states related to life events, e.g., exams, social roles, criticism, unfair treatment, relationship breakdown, job loss, or the death of someone close. Moreover, traumatic memories may provoke intrusive thoughts affecting the subject’s psychophysiological state.



	
Mental/task-related: originating from the mental effort given by a task in terms of memory and attention allocation or task-related scenario (e.g., time available, confusion of instructions).



	
Chronic: originating from a chronic life condition, e.g., severe financial difficulties, precarious/unstable employment, chronic illnesses or disabilities to the person or family members, or marital difficulties.








Recently, stress has been described by the World Health Organization as “the epidemic of the 21st century”, and its consequences on health have been widely documented. In the case of exposure to chronic stressors, such as those that may result from the subject’s occupation, most of the research is conducted via occupational health/medicine. In this respect, prolonged exposure to psychosocial stress is correlated with an increased likelihood of developing depressive disorders and cardiovascular or musculoskeletal diseases [7]. Stress is also correlated with increased demands for sick leave and decreased performance, due to its effects on cognitive abilities, directly impacting safety and costs [8]. In particular, impaired attention, slower reaction time, reduced vigilance and problem-solving, and impaired memory have been reported [8,9].



As already mentioned, the stress response consists of several elements. On a neurophysiological level, objective and quantitative measures can be obtained. However, it must be considered that stress is also an emotional experience, and consequently involves the enactment of specific and recognizable motor expressions and behaviors, so these aspects (e.g., facial expression, limb and neck movement, eye movement, dexterity) can also be measured with physical signals. A pivotal role is played by three different systems [10]. First, the hypothalamus–pituitary–adrenal (HPA) axis characterizes the so-called slow response. Second, the renin–angiotensin system (RAS) is known to be involved with a complex cascade [11]. Lastly, the autonomic nervous system (ANS), in particular the sympatho–adrenomedullary axis, is the most responsible for the fast response. The fast response allows the body to rapidly converge energies in a strong physical reaction. Therefore, noradrenaline is released, provoking an augmented heart rate, breathing rate, body temperature and sweating, auditory and visual exclusion phenomena, and vasodilation. Stress induced by physical activity follows strictly this response, while psychological stress is more complex, and regulatory mechanisms can produce opposite effects, such as vasoconstriction [12]. Moreover, it seems that exposure to mental stressors could be responsible for impaired neuromuscular performance [13]. Furthermore, perceptive, cognitive, and motor performance is affected by the stress response, through a more complex relationship. On the one hand, focusing both the body and the mind on a specific task may improve performance, excluding non-useful functions or less-relevant external stimuli. On the other hand, this might bring about huge side effects in complex environments, because of the lack of situational awareness (SA) and the impairment of decision-making. The relationship between stress and performance was traditionally described as an inverted U-function, i.e., performance increases with stress until a certain level of stress is reached, and from that level, performance declines. However, this is not acknowledged as an accurate model anymore, due to the complexity of factors to consider [14,15]. The effects of stressful task repetition, involving different stressors, such as in a work environment, must be disentangled, as well as the best training needed to cope with such stimulation. Hence, changes in physiological signals and performance that occur in these situations are only partially known [16,17].



In aviation, stress is a relevant topic because of its impact on human performance. Stress, mental workload, fatigue, distraction, and situational unawareness can be the cause of human errors, and produce a variety of scenarios, from small inefficiencies to great disasters [18]. Moreover, the long-term effects of flight stress exposure have been found to consist of post-traumatic stress disorder, anxiety disorder, depression, back pain, and neck pain [19,20]. Stress, workload, anxiety, and attention are linked by a complex relationship, which interfaces with a varied environment. Therefore, it is impossible to study stress as an isolated item, especially in the case of aircraft pilots. Even in civil pilots, stressors can derive from aircraft handling, especially during emergencies, environmental factors (e.g., temperature, noise, vibrations, G-exposure), shifts and sleep schedules, personal events, and interaction with other crew members. In a military environment, these stressors are exacerbated, and military personnel are selected and trained to face stressful situations and emergencies. However, many studies in the field have highlighted that there is still room for improvement [21,22], also considering the peculiarity of handling multiple tasks during flight missions. This requires the maintenance of good decision-making skills, SA, and physical readiness simultaneously, under a great variety of stressors. Moreover, a fine understanding of the pilot workload condition during different tasks and the continuous interaction with the onboard instrumentation available can be pivotal in the development of new aircraft technologies. In fact, next-generation cockpits are expected to feature virtual piloting and artificial intelligence [23]. For instance, single-pilot or unmanned aircraft have entered the market [24,25], fueling the interest in this research field. Nevertheless, it is challenging to move from a stress study in the laboratory to one in a real-life scenario, where several stressors may overlap, and to extract a reliable and robust omnicomprehensive model of this phenomenon.



From this perspective, technologies may increasingly support pilots in carrying out flight missions in complex scenarios. However, the early detection of alterations in a pilot’s psychophysical state, induced by stress and excessive mental workload, remains crucial to ensure pilot safety and avoid critical situations. To this end, various approaches can be considered in stress and workload assessment. Historically, these approaches are categorized as [26,27]:




	
Self-assessment;



	
Performance assessment;



	
Objective assessment.








In this review, assessment techniques employed in the aviation field are collected that focus on pilot stress and workload. In Section 2, the review criteria are outlined. Section 3 reports the results of the literature search and presents an overview of stress and workload assessment approaches employed in the state of the art. Moreover, differences between studies conducted with real and simulated flight tasks are highlighted. The approaches employed in the selected studies are then categorized and described as self-assessment methods (Section 3.1), performance assessment methods (Section 3.2), and objective assessment methods (Section 3.3). Finally, special attention is paid to objective assessment, due to the broader spectrum of its applications, as further discussed and highlighted in Section 4 and Section 5.




2. Materials and Methods


A literature search was performed through the following online databases: Web of Science, PubMed, and Scopus. The search focused on published studies regarding the assessment of stress and mental workload in aircraft pilots, considering both civil and military fields. Therefore, as specific inclusion criteria, the target population was restricted to aircraft pilots with previous flight experience or cadets with advanced experience in simulator piloting. This choice derived from the intention of evaluating stressors and mental strains regarding flight tasks and associated stressful scenarios, not related to inexperience or discomfort. Moreover, pilot training provides stress management skills that could differentiate the physiological reactions of trained pilots from the general population. The employed search criteria were:




	
Customized queries using keywords and Boolean operators in the form “Pilot (stress OR workload) in (aviation OR simulated flight OR real flight)”



	
Year range restriction of 2012–2022.



	
Writing language limitation to English.








After selection, the eligible articles were first categorized according to the type of flight task or scenario: simulated or real. Then, the analysis of the main stress and mental workload assessment methods in the articles was carried out. In the first place, objective assessment, self-assessment, and performance assessment were distinguished. Lastly, objective assessment approaches were further investigated, considering the instrumentation used as well. The strengths, weaknesses, and aims of the different approaches were also discussed. To easily categorize article information and display the data in figures, the Microsoft Office 365 package in 2021 edition (Microsoft, Redmond, WA, USA) and MIRO.com [28] (accessed on 23 December 2022) were exploited.




3. Results


A total of 48 articles were selected out of more than 400 results in the three online databases. After excluding the duplicates and after a preliminary title screening, abstracts were evaluated, producing a selection of approximately 90 studies. A full-text reading, and the imposed limitation about the subjects investigated, further reduced the set to the final 48 selected works.



Considering separately the studies that focus on a simulated flight task and those on a real flight task, an analysis of the methodological approaches was conducted. The studies that analyze the case of a simulated flight task will be referred to as simulation task articles (ST articles), while those that involve a real flight task will be referred to as real task articles (RF articles). For each article, the presence of objective, self, and performance assessment methods was then retrieved. Details about employed approaches and instrumentation are presented in the following subsections.



35 ST articles were found [29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63]. In this context, the simulation of a flight task enables the control of experimental stimuli, such as the addition of engine failures (e.g., [43]), turbulence (e.g., [35]) or visibility setting (e.g., [30]). In addition, it allows for enhancement of the workload of the task by the addition of secondary subtasks, as in [57]. The combination of several methodological approaches for stress and workload assessment, as revealed by the analysis of ST articles, is shown throughout the Venn diagram representation in Figure 1. Looking at the diagram, it is evident that the use of multiple approaches simultaneously is common. Specifically, 23 out of 35 articles combined more than one type of evaluation method. Among them, eight combined all three types of approaches classified in this review (objective evaluation, self-assessment, and performance evaluation). Overall, objective evaluation is the most widely adopted approach, with 30 out of 35 studies applying it. Interestingly, performance appraisal is never used as a standalone method for stress and workload assessment.



Regarding the RF articles, 13 were found belonging to this category [64,65,66,67,68,69,70,71,72,73,74,75,76] and the Venn diagram in Figure 2 shows the trend in the use of the different types of assessing methodologies. The multi-approach is again the most used. However, the performance analysis does not seem to be employed in real flight scenarios. On the contrary, the self-assessment approach is more frequently used also as a standalone method (4 out of 10 articles). This appears in contradiction with the previous result related to ST articles, where self-assessment is mostly employed with others measures. The severe difficulties that arise from a real scenario may be an explanation for this result. For instance, the safety of the pilots and the aircraft has to be ensured, as well as the confidentiality of flight data. Moreover, instrumentation and flight setup must comply with several regulations. Therefore, research protocols applied in real flight scenarios must ensure the significance and importance of the study before being conducted, provoking a bottleneck in published studies related to innovative technologies.



3.1. Self-Assessment


Self-Assessment (S) methodologies were employed in 20 ST articles [30,32,35,37,38,39,40,41,42,43,45,46,47,48,50,53,54,55,57,63] and in 10 RF articles [64,65,66,67,69,70,71,73,74,75]. Most of these studies used the Nasa–Task Load index (Nasa-TLX) [77], which is computed from a simple and strongly validated questionnaire, which is administered after task execution. The questionnaire inquires about the perceived workload in the domains of mental, physical, and temporal demand, performance, effort, and frustration. Due to its strong reliability and simplicity, it is used as a standalone method, as well as a ground truth to validate different systems for workload assessment [78]. The major limitation of Nasa-TLX is that it does not provide a real-time index, therefore it is not possible to immediately evaluate the effect of a single or short-term stimulus. Moreover, as in all the self-assessing techniques, the results can be influenced by the prior condition of the subject or other external stressors, such as social or peer pressure. For these reasons, self-assessment methods are often used in addition to objective or performance assessment tools, and they are combined with other tests for evaluating the general psychophysical condition, considering anxiety or depression symptoms, self-confidence, and personality traits.



Another equivalent index is the Subjective Workload Assessment Technique (SWAT) (e.g., in [45,75]), which evaluates workload in terms of time, mental, and psychological stress loads [79]. Lastly, another employed index is the Modified Cooper–Harper scale (MCH) [80], originally studied to evaluate the handling properties of an aircraft, which correlates the handling difficulties perceived with the mental workload experienced. For instance, this scale was employed in [35], and its modified version, the Bedford scale [27], was employed in [37]. Sometimes, several questionnaires and objective features are combined. For instance, in [38], the authors compared NASA-TLX, MCH, and some heartbeat features in assessing the mental workload of Air Force pilots during a simulation. Their results showed a strong correlation between Nasa-TLX and MCH and found all the measures computed able to differentiate the majority of the task conditions proposed in the simulation.



Other customized, non-structured questionnaires are also administered in some experiments, mainly inquiring about perceived anxiety, stress, strain, and fatigue during the execution of the specific task, as in [43,53,73]. These post-task questionnaires may also be useful in a multi-approach evaluation, to interpret the trends in the recorded physiological signals or to evaluate which factors are most critical for the subject during a task, hence performing a more thorough analysis of the task. For instance, the effects of the individual experience on physiological signals could be highlighted and distinguished from the task workload response. Otherwise, they can collect information about the population’s general condition (e.g., the effects of flying for a specific amount of hours a week, shifts, perceived satisfaction), as in [64,65].



Lastly, to overcome the previously mentioned limitations of self-assessment approaches, some real-time self-assessing techniques were introduced in the literature as well [81]. These studies commonly use additional devices, such as a keyboard, to self-score the perceived workload on-demand or through manual annotations by a test supervisor. The use of instantaneous self-assessment (ISA) was also found in this literature review, as in [63]. In this study, the pilots were flanked by the authors, who were in charge of reporting notes and observations, following the US Air Force School of Aerospace Medicine Crew Status Survey (CSS).



Moreover, looking again at Figure 2, four studies employed self-assessment methods alone in real flight conditions. Among them, two studies were meant to identify stressors and the criticality of normal duty in the case of helicopter emergency service pilots [64] and of short-haul and long-haul pilots [65], through cross-sectional broad-spectrum surveys. In the administered questionnaire, the authors were interested in investigating the satisfaction, the effects of shifts, the general well-being, symptoms of strain, and the main stressors and resources. However, in [66], the authors considered the emergency helicopter maneuver performed during the mandatory re-training of 10 volunteered pilots as the task. They assessed the workload due to the task, administering the Nasa-TLX questionnaire and comparing it between participants, also considering the annotations of pilot trainers regarding the performed maneuver and the reviewed emergency procedures. Lin et al. [67], instead, associated the Nasa-TLX with the assessment of SA. Specifically, they considered a helicopter rescue mission to a specific target, thus assessing SA in real time during the task, by the administration of a set of questions about the environment and, finally, analyzing answer correctness and the response time. Finally, they highlighted the relationship between SA maintenance in high workload conditions and the expertise of the pilots.




3.2. Performance Assessment


Performance assessment involves a double perspective: the evaluation of the “goodness” of the executed task and the modeling of the expected performance, considering different input data (e.g., heart rate, workload level, task features). The analysis of the selected papers revealed that 16 out of 48 articles made use of this kind of analysis [30,31,32,35,36,37,39,42,43,46,48,49,50,51,54,56], all belonging to ST articles. The goodness of an execution of a task can be assessed via the evaluation of the strictness in following the instructions. For instance, maintaining a certain altitude is an objectively measurable quantity that can define a such property. In [32], Maneuver Error Index (MEI) is proposed in this sense. It evaluates the heading (deg) and the true altitude (ft) in different flight segments. These kinds of measures can be useful also in the evaluation of risk-taking during flight task execution, as done by Wang et al. [49]. The authors divided the subjects into groups (high-risk, low-risk), based on the lowest altitude reached in a specific task segment. Furthermore, the behavior in front of a challenging task, in terms of risk-taking, may be also strongly influenced by SA. Therefore, considerations about SA should be taken into account in this picture. Still, SA is usually assessed with a set of questions about the current flight situation administered during the flight execution—e.g., questions about altitude, fuel, and best maneuver features to be performed [82]. Therefore, this approach is difficult to superimpose on other evaluations because it inherently involves the addition of a supplementary workload.



The frequency and the type of particular maneuver executed can be used as a performance metric, too. In the case of flight simulators, some of these metrics can be easily saved, such as accurate operation rate and reaction time [39]. Moreover, further subtasks can be introduced and scored. In real flights, instead, where these kinds of metrics cannot be easily evaluated and stored, an alternative approach involves external assessment by an expert pilot or instructor, which gives an evaluation of the flight performance [83]. External evaluation from an expert is sometimes used in simulation as well, as in [36].



The influence of workload on performance became relevant with the introduction of automation technology, especially in the military field [84]. New technologies are needed to ensure a simplification in procedures and the maintenance of safety. Therefore, a precise evaluation of the single task or instrumentation handling effect was necessary. In other words, it became necessary to know the type and level of workload that causes performance impairment. Therefore, complex models of workload estimation have appeared in the literature. A milestone in the military field was set by Aldrich et al. [85], who proposed the VACP model (visual, auditory, cognitive, psychomotor), based on the division of the task demand in different kinds of resources/channels. Each task can be scored according to the use of all the channels (visual perception, auditory perception, verbal cognition, spatial cognition, manual response, and speech response) to obtain a workload index [86]. This model was taken as a gold standard in the following years. For instance, the authors in [46] employed different subjective scales and the VACP model to assess the workload of 22 commercial-aviation pilots. In particular, in this study, the VACP model was integrated with a questionnaire in the so-called Behavior–Cognitive Model Scale.




3.3. Objective Assessment


Objective assessment of stress and workload relies on the observation of the psychophysical reaction provoked by stressors. As already mentioned, autonomic and hormonal regulations play a key role in this response and can be observed in terms of many physiological signals. There are also behavioral and secondary effects that can be observed and measured, furnishing other possible objective measures. An extensive description of the main computed features regarding objective measures in this context is available in the literature [5,87,88,89,90,91,92,93,94]. In addition, in ref. [95], there is an interesting summary of the expected behavior of cardiorespiratory, cerebral, and eye activities in the presence of workload, attention, and fatigue.



Objective assessment was employed in 30 ST articles [29,30,31,32,33,34,36,38,39,40,41,42,43,44,45,47,48,49,50,51,52,54,55,56,57,58,59,60,61,62] and in 9 RF articles [68,69,70,71,72,73,74,75,76]. As a result of the analysis of these studies, the performed objective measures, the calculated parameters, and the employed instrumentation are summarized in Table 1. Moreover, Figure 3 is provided to highlight the trend in the employment of different objective measures across articles. The distinction between RF articles and ST articles allows for a better assessment of the differences determined by the two conditions.



As shown in Table 1 and Figure 3, cardiac activity (Cardiac A.) measures were the most employed across all studies by far and, in 14 out of 48 articles, the Cardiac A. observation was the unique objective measure performed. In further detail, the electrocardiogram (ECG) is the most complete and reliable instrument for recording cardiac activity (Cardiac A.), because it allows for the extraction of several additional pieces of information other than the heartbeat, which retains a relevant clinical significance. ECG records the electrical activity of the heart muscles, composed of a cycle of atrial and ventricular polarization and depolarization. The signal has known morphological and temporal characteristics that allow for a very deep understanding of heart functionality, e.g., the main wave in ECG is clinically called the QRS complex. In the context of stress and workload estimation, the main features considered are the heart rate (HR) and the heart-rate variability (HRV) instead of the QRS complex characteristics. The sympathetic and parasympathetic nervous systems increase and suppress heart rate, respectively, determining HRV. Indeed, it is the most studied feature for stress evaluation, considering its time domain, frequency domain, and nonlinear features [96]. Other than HRV, another cardiac activity-related measure is blood pressure, which is employed by the authors in ref. [76]. Regarding technological aspects, single-lead ECG, chest-strap heart-rate monitors, and photoplethysmogram are the most commonly employed instruments to monitor HR and HRV in aviation. The constraints of the specific recording environment (i.e., the cockpit or simulator) may also play a role in the choice of devices.



Since ANS acts at the cardiorespiratory level, breathing rate, lung capacity, and blood saturation are also metrics of interest. These measures are grouped in the category Resp. in the subsequent sections and in Table 1. A spirometer, pulse oximeter, and resistive sensors were employed for recording these parameters.



Electrodermal activity (EDA), sometimes called galvanic skin response, skin conductance, or resistance, is another measure influenced by the ANS dynamics. Sweat gland activity is reflected in the electrical properties of the skin and it is regulated by the sympathetic nervous system, not only to maintain thermoregulation but also in many other mechanisms, including emotional arousal and stress response [5,97]. EDA is commonly used in the definition of valence and arousal for emotional state evaluations. The canonical approach to EDA analysis consists of studying the signal in terms of tonic and phasic activities: tonic expresses the slow changes in the signal and gives a mean level of conductance, and phasic is composed of transient responses. The latter is investigated as a single-stimulus response or non-specific response in multi-stimulus contexts, considering the rate of responses in certain time intervals [98]. For instance, the authors in [31] computed the mean tonic and phasic activities, providing significant differences in mean tonic activities between different simulated flight maneuvers. The authors in [44] used EDA to distinguish sympathetic from parasympathetic ANS activation, using EDA combined with cardiorespiratory activity recordings. The latter is influenced by sympathetic and parasympathetic activation combined. However, the authors do not provide results regarding the EDA activity. The authors in [54] correlated the behavior of EDA activity in two simulated fight tasks, where one was sided with an additional social stressor. They found differences in the signal behavior, depending on some personality traits of the pilots.



Skin temperature (Temp) is also considered a traditional measure for stress assessment [99,100], and is also employed in the aviation domain. Thermistors, thermal cameras, and infrared thermometers may be used in this context as instrumentation. The authors in [59] measured mean skin temperature from the subject’s arm via a skin temperature sensor. The authors also considered EDA and cardiac, respiratory, and muscular activities. However, the mean temperature was excluded from the subsequent optimized multi-modal features analysis, because it was found to be less relevant. The authors in [70,71,73] measured temperature using infrared thermometers before and after the execution of a flight task. The authors in [76] obtained finger temperature measurements together with blood pressure. The authors defined a measure of arousal called the psychophysiological arousal value (PAV), obtained from typical autonomic response patterns clustering and eigenvectors of the physiological data obtained by exploratory factor analysis [101]. They collected data from pilots performing different simulated tasks. Computing PAV, they were able to identify the most challenging tasks (i.e., air-to-air refueling) and differences in the reactions between novices and professionals. In addition, they found reactions in simulated flights most often compared to those in real flights, unlike the results in [69,75].



Autonomic function affects pupil behavior, and, therefore, pupillometry, is part of eye-activity evaluation, together with the analysis of scanning patterns and blinking during the execution of a task. These, indeed, are deeply influenced by the behavioral effects of concentration, anxiety, workload, and stress. People tend to fixate on objects of interest appearing in the visual field via saccades (overt attention). Thus, in this context, it is important to know whether object-based selection occurs for overt attention and its response time. Therefore, eye-tracking systems, able to provide information about fixation, blinking, space scanning, and saccades, are also frequently found in this type of investigation. The analysis revealed that eight out of 48 articles provide measurements of eye activity. For instance, the authors in [29] used eye activity to continuously assess anxiety during a flight simulation, to better understand the relationships between performance and level of training, and the authors in [47] assessed the inside/outside fixation rate to appreciate the visual scanning technique in relation to workload and experience. In addition, the authors in [58] proposed a simulation of an unexpected in-flight event and were able to identify a strong reduction of the scanned space in the presence of a such stressor. Finally, the authors in [31] measured fixation and saccade behavior as fixation frequency, mean fixation time, saccade frequency, mean saccade time, and mean pupil diameter was found to be pertinent to workload level.



Cerebral activity is peculiar in stress reactions. Activity in various cerebral areas is intensively elicited in a flight scenario, and Event-Related Potentials (ERP) can be detected using electroencephalography (EEG) or near-infrared spectroscopy (NIRS) signals with different configurations and numbers of channels. For instance, the authors in [62] employed functional NIRS to evaluate prefrontal cortex activation throughout signal feature extraction. Looking at Figure 3, Cerebral A. seems to be commonly employed for this purpose. Deepening the analysis of the articles, it turns out that three out of four RF articles implemented cerebral activity evaluation using the same experimental protocol. The protocol includes a pre-flight and a post-flight evaluation (pre–post) and the main focus is on cortical arousal and fatigue, assessed by the critical flicker fusion threshold [102], as in [70,71,73]. On the other hand, the use of EEG and NIRS appears in some ST articles. This is probably due to the difficulty of recording good-quality cerebral activity in a cockpit during real flight time. Movement artifacts and the possible use of safety helmets may augment the already great complexity of recording cerebral activity. Partially encouraging results in this regard were obtained by Dehais [68], where an EEG helmet with six dry electrodes was used during the real flight of the ISAE-SUPAERO (Institut Supérieur de l’Aéronautique et del’Espace-French Aeronautical University in Toulouse, France) experimental light aircraft. They were able to provide oddball audio stimuli to the pilots through the pilot’s aviation headset (Clarity AloftPro), while the pilot was monitoring the flight (low load condition) and when the pilot was piloting the aircraft controlled by the flight instructor. They found statistically different results by looking at ERPs and spectral power analysis in the two presented situations. However, the employed automatic classification showed the necessity of further hardware refinement because of the difficulties in achieving high accuracy.



Voice frequencies and speech can be affected by stress [103,104], but this review found only one study introducing voice analysis. The authors in [52] provided a database correlating heart rate and the voices of eight airline pilots during cognitive solicitation in a full flight simulator. The voice recordings were done via the headset’s built-in microphones and then transmitted in glass fiber after proper processing.



Furthermore, the complex stress response has a direct influence on muscle strength and movement. For instance, the fight-or-flight response allows the body to physically hyper-perform, while fear or concentration can lead to general immobility of the body. Electromyograms (EMG) can provide information about muscle condition and strength. For instance, one was employed in [59]. Other kinds of measures consider exercise set performance, such as jumping sets, or isometric hand strength measures to confront the strength condition and physical prowess before and after a task. An example of this kind of evaluation is in the protocols of [70,71,73], in the RF articles group, where a wide range of objective evaluations was used in a pre–post analysis fashion. They involved the assessment of: Cerebral A. in terms of cortical arousal; limb strength in terms of horizontal jumps sets and isometric hand grip; Temp. as skin temperature; Resp. in terms of blood oxygen saturation and spirometry measures; laboratory analysis (Lab.) of blood lactate, urine color chart, urine protein, glucose, nitrates, pH and specific gravity. Laboratory analysis of body fluids such as blood, saliva, and urine can provide information about the occurrence of stress response and ANS activation. For instance, cortisol is a well-known stress hormone and can be measured in both blood and saliva, even though its concentration may vary during the day independently from stress [105]. Blood samples can also furnish white blood cell count, endocannabinoids, and lactate concentrations. Urine samples have been examined for hydration level (color), proteins, glucose, noradrenaline, pH, and specific gravity. All these chemical compounds and physical measures can directly show if a neurophysiological stress reaction has happened, considering the metabolic outcomes, but in a post-analysis fashion only [106]. Lastly, Cardiac A. was measured as heart rate by a pulse-oximeter system [73] and as heart rate and heart-rate variability [70,71] using a Polar V800 smartwatch (POLAR, Kempele, Finland). In particular, in these last two articles, the HR measurements were maintained during the flight execution and were not limited to a pre–post analysis. Moreover, all three studies considered military personnel. In particular, the authors in [71,73] focused on helicopter crews and compared their responses to the control group (civil subjects) when performing different maneuvers: a rescue crane maneuver and a low-altitude flight maneuver for the first study; two night flights and two instrument flights in the second. The pre–post analysis was able to identify the effects of the different flight tasks and the experience of the personnel in terms of psychophysical response.





4. Discussion


Most of the selected articles relied on a multi-approach stress assessment based on different methods, as previously shown in Figure 1 and Figure 2. Many approaches revealed their potential for stress and workload monitoring on pilots.



Surveys and self-assessment approaches are preferred to identify the general pilot conditions concerning the work environment (e.g., shifts, satisfaction) or the effect of a specific task (e.g., landing is perceived as more stressful than heading). Nasa-TLX is the most used self-assessment method due to its reliability and simplicity. Therefore, it is often used as a ground truth for the workload level.



Performance assessment is used as a complementary tool to self and objective assessment. This can be explained by the fact that performance impairment is a crucial aspect of workload and stress response, therefore performance assessment enables the pivotal design of predictive models that relate workload/stress to the outcoming performance. By taking combined measures, it is possible to correlate the behavior of objective or self-assessment measures with variations in performance. However, performance assessment as a standalone method has no predictive power on the internal psychophysiological conditions of the pilot.



Focusing on objective assessment, different measurements of body activity were taken into account simultaneously in most of the studies. It was already mentioned that objective assessment uses several instruments and hinges on the observation of different objectively quantifiable phenomena. Cardiac A. evaluation is one of the most descriptive of stress conditions. It is also a measure easily transferable in the cockpit environment, due to the availability of lightweight and convenient recording devices. There is no doubt about the power of Cardiac A. as a descriptor of stress, workload, and emotional state; however, the significance of the results obtained in a controlled environment, such as a simulator, is not automatically equally powerful in a real flight condition, as shown from the results in [69,75]. Nevertheless, experimental controllability is higher in simulated flight tasks and a broader spectrum of monitoring tools is evaluated in this case, with a preference for real-time monitoring evaluation.



Looking at Figure 3, Cerebral A. is also commonly employed in the selected articles. However, in a real flight scenario, only the authors in [68] measured cerebral activity in real time, while others performed a pre–post evaluation. Due to the potentiality of the cerebral activity analysis, which is reflected in the use of EEG and NIRS during simulated tasks, it seems reasonable to claim that recording issues discourage the use of cerebral activity assessment in real flight.



Eye activity was unexpectedly not employed in RF articles, whereas it is widely investigated in this field due to the possibility of identifying scanning and fixation patterns, which may be relevant to assessing the use of instrumentation, target/danger identification, and verifying the optimal setup in the cockpit. In more detail, eye-activity assessment typically aims at pilot interface optimization (e.g., optimized instruments position or virtual command setup) or the study of the sky-scanning techniques for some critical maneuvers. Studies summarizing knowledge in these techniques can be found in the literature, such as the use of eye-tracking to infer cognitive state and increase safety. In ST articles, good results were provided by the use of eye-tracking. In contrast, in real flight conditions, there seem to be some results in the literature in terms of using eye-activity assessment for flight-phase recognition [107,108], but not for the purposes investigated in this review, to the authors’ knowledge. A similar trend is followed by voice analysis, which gave promising results for stress detection [109] in aviation [52,110].



Moreover, it is very often necessary to have real-time measures of stress and workload; therefore activity that changes rapidly with the stress/workload condition, and which can be easily recorded and interpreted, should be preferred. In this direction, it has to be considered that laboratory sample analysis (Lab.) of saliva, blood, or urine can be only used in a pre–post task evaluation, as well as some type of limb strength evaluation. This could explain why, in ST articles, where real-time assessment is possible, these measures are infrequent. In real flight tasks, instead, an analysis of the situation pre-flight and post-flight or post-flight alone is preferred.



The main strength of the objective assessment approach is the possibility of performing real-time objective evaluation, which is easy to automate. The main limitation of these approaches derive from three aspects: the first one is an intrinsic limitation of the stress/workload detection problem and regards the complexity of the neurophysiological response, which can cause low specificity in event recognition (e.g., exceeding stress level can be confused with physical strain). The second limitation regards real-time approaches, which have to deal with a double-time resolution problem. Indeed, the speed of body response can be slower or faster depending on the stimulus (seconds to minutes) so the designed monitoring system should consider different time scales of analysis and carefully select proper features that may be computed in short and long epochs. The last aspect regards the constraints of aviation itself. Movement artifacts and the possible use of safety helmets may augment the already great complexity of physiological signal recording. In addition, for safety reasons, any modification of pilot equipment is subject to precise and severe regulation, and it is, therefore, usually a very long and difficult process to integrate new instruments into certified equipment for research purposes. Technical requirements, intrusiveness, and operator acceptance are severe constraints in this scenario.



To overcome the mentioned limitations and as a result of the analysis of the selected articles, it can be claimed that the instrumentation used for real-time monitoring in RF articles should be light and comfortable, e.g., a single-lead wearable ECG or a smartwatch. Indeed, Cardiac A. is monitored in 12 out of 13 real-time approaches, since it may be measured without cumbersome instrumentation. Resp. and eye-activity measurements are also recorded in real time in [74], but the cockpit setup is not shown in this article. The authors in [76] made use of Cardiac A., EDA, and temperature activity monitoring. The setup used in the cockpit for real-time monitoring is shown in Figure 4. The aircraft is a heavy-class E-3 Sentry, which is a modified Boeing 707 aircraft. As already mentioned, they computed PAV, from the analysis of the signals. Then, they inferred the psychophysiological status of the pilots in relation to the performed task (e.g., real and simulated normal flight, approach, landing) and the experience of the pilots.



Furthermore, methodologies enabling the real-time assessment of limb strength are appearing in the literature. For instance, the grip force measure has been studied in relation to stress [111], and Wagner et al. [112] measured the grip force on a control stick during a tracking task. They were able to appreciate an increment in the grip force corresponding to increased task difficulty. Therefore, grip force could be considered to be a real-time objective measure to use during real flight, as long as the sensor is properly integrated with control commands. For instance, it could be of interest to evaluate the grip force on the cloque, as well as head movements to monitor postural behavior. The use of dynamometers and inertial sensors may be considered in this direction. However, its significance in a real flight condition evaluation is yet to be verified.




5. Conclusions


In this review, studies exploring stress and workload in aviation were collected. In particular, the selected articles focused on monitoring a pilot’s condition in terms of psychophysiological state during simulated and real flight tasks. This topic has great relevance for multiple reasons. First, safety can be improved by monitoring the lucidity of the pilot; second, the pilot’s well-being and work environment can be ameliorated, by understanding and limiting stress exposure. Lastly, finely measuring the effects of different tasks/subtasks may enable the optimization of instrumentation, in the direction of virtual/automatic solutions. The analysis of the 48 selected articles highlighted the main approaches to stress and workload assessment in various experimental conditions. Objective assessment—i.e., the collection of biological quantitative measures—is the most employed. In particular, cardiac activity is the most interesting, usually assessed in terms of HRV.



The main issues that emerge from this review are linked to the mutual interaction of different aspects, stressors, and stimuli during a complex task, such as a flight task. Recording limitations arise from the integration of new instrumentation in the cockpit and the level of quality in signal recordings that can be achieved. Studies providing real-time measurements of psychophysiological conditions prefer light and non-cumbersome instrumentation, which is easily wearable by the pilot above or underneath their suit, as shown in Figure 4. Finally, it must also be mentioned that confidentiality is crucial in this field.



To conclude, real-time stress and workload monitoring, with application in stress and workload prediction, seems to be viable only through objective assessment approaches, such as the recording of electrophysiological signals. These measures have demonstrated their power in this direction, but few results are applied in the aviation context, probably due to previously mentioned issues. Up until now, the majority of results conduce pre-flight and post-flight pilot monitoring in real flight conditions. The few real-time measures performed cardiac activity monitoring, computing HRV. Nevertheless, several alternative research directions (e.g., eye-tracking, muscular activity evaluation through ECG) appear promising and could provide further insight into the detection of aviation pilot stress, once issues related to setup and safety regulations are solved.







Author Contributions


Conceptualization, G.M., G.A. and C.F.; methodology, G.M.; formal analysis, G.M.; investigation, G.M.; resources, C.F. and L.P.; data curation, G.M.; writing—original draft preparation, G.M.; writing—review and editing G.A, C.F., L.P. and G.M.; visualization, G.M.; supervision, C.F. and L.P.; project administration, L.P.; funding acquisition, L.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fink, G. Stress, definitions, mechanisms, and effects outlined: Lessons from anxiety. In Stress: Concepts, Cognition, Emotion, and Behavior; Elsevier: Amsterdam, The Netherlands, 2016; pp. 3–11. [Google Scholar]

	



Fink, G. Stress: Definition and history. Stress Sci. Neuroendocrinol. 2010, 3, 3–14. [Google Scholar]

	



Kim, J.J.; Diamond, D.M. The stressed hippocampus, synaptic plasticity and lost memories. Nat. Rev. Neurosci. 2002, 3, 453–462. [Google Scholar] [CrossRef] [PubMed]

	



Burchfield, S.R. The stress response: A new perspective. Psychosom. Med. 1979, 41, 661–672. [Google Scholar] [CrossRef] [PubMed]

	



Giannakakis, G.; Grigoriadis, D.; Giannakaki, K.; Simantiraki, O.; Roniotis, A.; Tsiknakis, M. Review on psychological stress detection using biosignals. IEEE Trans. Affect. Comput. 2019, 13, 440–460. [Google Scholar] [CrossRef]

	



Monroe, S.M.; Slavich, G. Psychological stressors: Overview. In Stress: Concepts, Cognition, Emotion, and Behavior; Elsevier: Amsterdam, The Netherlands, 2016; pp. 109–115. [Google Scholar]

	



Russell, G.; Lightman, S. The human stress response. Nat. Rev. Endocrinol. 2019, 15, 525–534. [Google Scholar] [CrossRef]

	



Rigó, M.; Dragano, N.; Wahrendorf, M.; Siegrist, J.; Lunau, T. Work stress on rise? Comparative analysis of trends in work stressors using the European working conditions survey. Int. Arch. Occup. Environ. Health 2021, 94, 459–474. [Google Scholar] [CrossRef]

	



Warm, J.S.; Matthews, G.; Finomore, V.S., Jr. Vigilance, workload, and stress. In Performance Under Stress; CRC Press: Boca Raton, FL, USA, 2018; pp. 131–158. [Google Scholar]

	



Yaribeygi, H.; Sahraei, H. Physiological/neurophysiological mechanisms involved in the formation of stress responses. Neurophysiology 2018, 50, 131–139. [Google Scholar] [CrossRef]

	



Correa, B.H.; Becari, L.; Fontes, M.A.P.; Simões-e Silva, A.C.; Kangussu, L.M. Involvement of the Renin-Angiotensin System in Stress: State of the Art and Research Perspectives. Curr. Neuropharmacol. 2022, 20, 1212–1228. [Google Scholar] [CrossRef]

	



Harris, C.W.; Edwards, J.L.; Baruch, A.; Riley, W.A.; Pusser, B.E.; Rejeski, W.J.; Herrington, D.M. Effects of mental stress on brachial artery flow-mediated vasodilation in healthy normal individuals. Am. Heart J. 2000, 139, 405–411. [Google Scholar]

	



Tyagi, O.; Mehta, R.K. Mind over body: A neuroergonomic approach to assessing motor performance under stress in older adults. Appl. Ergon. 2022, 101, 103691. [Google Scholar] [CrossRef]

	



Kavanagh, J. Stress and Performance: A Review of the Literature and Its Applicability to the Military; RAND Corporation: Santa Monica, CA, USA, 2005. [Google Scholar]

	



Matthews, G.; Wohleber, R.W.; Lin, J. Stress, skilled performance, and expertise: Overload and beyond. In The Oxford Handbook of Expertise; Oxford Library of Psychology; Oxford University Press: Oxford, UK, 2020. [Google Scholar]

	



Bertilsson, J.; Niehorster, D.C.; Fredriksson, P.J.; Dahl, M.; Granér, S.; Fredriksson, O.; Mårtensson, J.M.; Magnusson, M.; Fransson, P.A.; Nyström, M. Stress levels escalate when repeatedly performing tasks involving threats. Front. Psychol. 2019, 10, 1562. [Google Scholar] [CrossRef] [PubMed]

	



Baldwin, S.; Bennell, C.; Andersen, J.P.; Semple, T.; Jenkins, B. Stress-activity mapping: Physiological responses during general duty police encounters. Front. Psychol. 2019, 10, 2216. [Google Scholar] [CrossRef] [PubMed]

	



Stokes, A.F.; Kite, K. Flight Stress: Stress, Fatigue and Performance in Aviation; Routledge: London, UK, 2017. [Google Scholar]

	



O’Conor, D.K.; Dalal, S.; Ramachandran, V.; Shivers, B.; Shender, B.S.; Jones, J.A. Crew-friendly countermeasures against musculoskeletal injuries in aviation and spaceflight. Front. Physiol. 2020, 11, 837. [Google Scholar] [CrossRef] [PubMed]

	



Kumari, P.; Aithal, P. Stress Inducing Factors and Relevant Strategies Deployed to Overcome Stress in the Aviation Industry Sector—A Systematic Literature Review and Further Research Agendas. Int. J. Manag. Technol. Soc. Sci. 2020, 5, 283–325. [Google Scholar] [CrossRef]

	



Perboli, G.; Gajetti, M.; Fedorov, S.; Giudice, S.L. Natural Language Processing for the identification of Human factors in aviation accidents causes: An application to the SHEL methodology. Expert Syst. Appl. 2021, 186, 115694. [Google Scholar] [CrossRef]

	



Liu, H.; Sun, C.; Tu, J. Application of intuitionistic fuzzy evaluation method in aircraft cockpit display ergonomics. Int. Arab J. Inf. Technol. 2021, 18, 856–863. [Google Scholar] [CrossRef]

	



Liang, F.A.B.; Second, B.Y.; Wu, T.C.H. A Conception of Flight Test Mode for Future Intelligent Cockpit. In Proceedings of the 2020 Chinese Automation Congress (CAC), Shanghai, China, 6–8 November 2020; IEEE: New York, NY, USA; pp. 3260–3264. [Google Scholar]

	



Liu, J.; Gardi, A.; Ramasamy, S.; Lim, Y.; Sabatini, R. Cognitive pilot-aircraft interface for single-pilot operations. Knowl.-Based Syst. 2016, 112, 37–53. [Google Scholar] [CrossRef]

	



Sarter, N.B.; Woods, D.D. Pilot interaction with cockpit automation II: An experimental study of pilots’ model and awareness of the flight management system. In Situational Awareness; Routledge: London, UK, 2017; pp. 259–286. [Google Scholar]

	



Meshkati, N.; Loewenthal, A. An eclectic and critical review of four primary mental workload assessment methods: A guide for developing a comprehensive model. Adv. Psychol. 1988, 52, 251–267. [Google Scholar]

	



Casner, S.M.; Gore, B.F. Measuring and evaluating workload: A primer. NASA Tech. Memo. 2010, 216395, 2010. [Google Scholar]

	



MIRO. Team’s Visual Platform. Available online: https://miro.com (accessed on 23 December 2022).

	



Tichon, J.G.; Wallis, G.; Riek, S.; Mavin, T. Physiological measurement of anxiety to evaluate performance in simulation training. Cogn. Technol. Work 2014, 16, 203–210. [Google Scholar] [CrossRef]

	



Mohanavelu, K.; Poonguzhali, S.; Ravi, D.; Singh, P.K.; Mahajabin, M.; Ramachandran, K.; Singh, U.K.; Jayaraman, S. Cognitive workload analysis of fighter aircraft pilots in flight simulator environment. Def. Sci. J. 2020, 70, 131–139. [Google Scholar] [CrossRef]

	



Feng, C.; Wanyan, X.; Yang, K.; Zhuang, D.; Wu, X. A comprehensive prediction and evaluation method of pilot workload. Technol. Health Care 2018, 26, 65–78. [Google Scholar] [CrossRef] [PubMed]

	



Alaimo, A.; Esposito, A.; Orlando, C.; Simoncini, A. Aircraft pilots workload analysis: Heart Rate Variability objective measures and NASA-task load index subjective evaluation. Aerospace 2020, 7, 137. [Google Scholar] [CrossRef]

	



Alaimo, A.; Esposito, A.; Faraci, P.; Orlando, C.; Valenti, G.D. Human heart-related indexes behavior study for aircraft pilots allowable workload level assessment. IEEE Access 2022, 10, 16088–16100. [Google Scholar] [CrossRef]

	



Mansikka, H.; Simola, P.; Virtanen, K.; Harris, D.; Oksama, L. Fighter pilots’ heart rate, heart rate variation and performance during instrument approaches. Ergonomics 2016, 59, 1344–1352. [Google Scholar] [CrossRef]

	



Lehmann, P.H.; Jones, M.; Höfinger, M. Impact of turbulence and degraded visual environment on pilot workload. CEAS Aeronaut. J. 2017, 8, 413–428. [Google Scholar] [CrossRef]

	



Cao, X.; MacNaughton, P.; Cadet, L.; Cedeno-Laurent, J.; Flanigan, S.; Vallarino, J.; Donnelly-McLay, D.; Christiani, D.; Spengler, J.; Allen, J. Heart rate variability and performance of commercial airline pilots during flight simulations. Int. J. Environ. Res. Public Health 2019, 16, 237. [Google Scholar] [CrossRef]

	



Bachelder, E.N.; Godfroy-Cooper, M. Pilot workload estimation: Synthesis of spectral requirements analysis and Weber’s law. In Proceedings of the AIAA Scitech 2019 Forum, San Diego, CA, USA, 7–11 January 2019; American Institute of Aeronautics and Astronautics: Reston, VA, USA, 2019. [Google Scholar]

	



Mansikka, H.; Virtanen, K.; Harris, D. Comparison of NASA-TLX scale, modified Cooper–Harper scale and mean inter-beat interval as measures of pilot mental workload during simulated flight tasks. Ergonomics 2019, 62, 246–254. [Google Scholar] [CrossRef]

	



Wei, Z.; Zhuang, D.; Wanyan, X.; Liu, C.; Zhuang, H. A model for discrimination and prediction of mental workload of aircraft cockpit display interface. Chin. J. Aeronaut. 2014, 27, 1070–1077. [Google Scholar] [CrossRef]

	



García-Mas, A.; Ortega, E.; Ponseti, J.; de Teresa, C.; Cárdenas, D. Workload and cortisol levels in helicopter combat pilots during simulated flights. Rev. Andal. Med. Deport. 2016, 9, 7–11. [Google Scholar] [CrossRef]

	



Mohanavelu, K.; Poonguzhali, S.; Adalarasu, K.; Ravi, D.; Vijayakumar, C.; Vinutha, S.; Ramachandran, K.; Srinivasan, J. Dynamic cognitive workload assessment for fighter pilots in simulated fighter aircraft environment using EEG. Biomed. Signal Process. Control 2020, 61, 102018. [Google Scholar] [CrossRef]

	



Causse, M.; Fabre, E.; Giraudet, L.; Gonzalez, M.; Peysakhovich, V. EEG/ERP as a measure of mental workload in a simple piloting task. Procedia Manuf. 2015, 3, 5230–5236. [Google Scholar] [CrossRef]

	



Vine, S.J.; Uiga, L.; Lavric, A.; Moore, L.J.; Tsaneva-Atanasova, K.; Wilson, M.R. Individual reactions to stress predict performance during a critical aviation incident. Anxiety Stress Coping 2015, 28, 467–477. [Google Scholar] [CrossRef] [PubMed]

	



Bruna, O.; Levora, T.; Holub, J. Assessment of ECG and respiration recordings from simulated emergency landings of ultra light aircraft. Sci. Rep. 2018, 8, 7232. [Google Scholar] [CrossRef]

	



Oh, H.; Hatfield, B.D.; Jaquess, K.J.; Lo, L.C.; Tan, Y.Y.; Prevost, M.C.; Mohler, J.M.; Postlethwaite, H.; Rietschel, J.C.; Miller, M.W.; et al. A composite cognitive workload assessment system in pilots under various task demands using ensemble learning. In Foundations of Augmented Cognition; Springer International Publishing: Cham, Switzerland, 2015; pp. 91–100. [Google Scholar]

	



Zhang, Y.; Zheng, H.; Duan, Y.; Meng, L.; Zhang, L. An integrated approach to subjective measuring commercial aviation pilot workload. In Proceedings of the 2015 IEEE 10th Conference on Industrial Electronics and Applications (ICIEA), Auckland, New Zealand, 15–17 June 2015; IEEE: New York, NY, USA. [Google Scholar]

	



Rainieri, G.; Fraboni, F.; Russo, G.; Tul, M.; Pingitore, A.; Tessari, A.; Pietrantoni, L. Visual scanning techniques and mental workload of helicopter pilots during simulated flight. Aerosp. Med. Hum. Perform. 2021, 92, 11–19. [Google Scholar] [CrossRef]

	



Wanyan, X.; Zhuang, D.; Zhang, H. Improving pilot mental workload evaluation with combined measures. Biomed. Mater. Eng. 2014, 24, 2283–2290. [Google Scholar] [CrossRef]

	



Wang, L.; Gao, S.; Tan, W.; Zhang, J. Pilots’ mental workload variation when taking a risk in a flight scenario: A study based on flight simulator experiments. Int. J. Occup. Saf. Ergon. 2023, 29, 366–375. [Google Scholar] [CrossRef]

	



Feltman, K.A.; Bernhardt, K.A.; Kelley, A.M. Measuring the domain specificity of workload using EEG: Auditory and visual domains in rotary-wing simulated flight. Hum. Factors 2021, 63, 1271–1283. [Google Scholar] [CrossRef]

	



Gateau, T.; Durantin, G.; Lancelot, F.; Scannella, S.; Dehais, F. Real-time state estimation in a flight simulator using fNIRS. PLoS ONE 2015, 10, e0121279. [Google Scholar] [CrossRef]

	



Luig, J.; Sontacchi, A. A speech database for stress monitoring in the cockpit. Proc. Inst. Mech. Eng. G J. Aerosp. Eng. 2014, 228, 284–296. [Google Scholar] [CrossRef]

	



Lin, P.C.; Wang, J.; Li, S.C. Subjective stress factors in centrifuge training for military aircrews. Appl. Ergon. 2012, 43, 658–663. [Google Scholar] [CrossRef] [PubMed]

	



Hidalgo-Muñoz, A.R.; Mouratille, D.; El-Yagoubi, R.; Rouillard, Y.; Matton, N.; Causse, M. Conscientiousness in pilots correlates with electrodermal stability: Study on simulated flights under social stress. Safety 2021, 7, 49. [Google Scholar] [CrossRef]

	



Alaimo, A.; Esposito, A.; Orlando, C.; Tesoriere, G. A pilot mental workload case study in a full flight simulator. Aerotec. Missili Spaz. 2018, 97, 27–33. [Google Scholar] [CrossRef]

	



Mansikka, H.; Virtanen, K.; Harris, D.; Simola, P. Fighter pilots’ heart rate, heart rate variation and performance during an instrument flight rules proficiency test. Appl. Ergon. 2016, 56, 213–219. [Google Scholar] [CrossRef] [PubMed]

	



Hidalgo-Muñoz, A.R.; Mouratille, D.; Matton, N.; Causse, M.; Rouillard, Y.; El-Yagoubi, R. Cardiovascular correlates of emotional state, cognitive workload and time-on-task effect during a realistic flight simulation. Int. J. Psychophysiol. 2018, 128, 62–69. [Google Scholar] [CrossRef]

	



Kinney, L.; O’Hare, D. Responding to an unexpected in-flight event: Physiological arousal, information processing, and performance. Hum. Factors 2020, 62, 737–750. [Google Scholar] [CrossRef]

	



Li, Y.; Li, K.; Wang, S.; Chen, X.; Wen, D. Pilot behavior recognition based on multi-modality fusion technology using physiological characteristics. Biosensors 2022, 12, 404. [Google Scholar] [CrossRef]

	



Mohanavelu, K.; Poonguzhali, S.; Janani, A.; Vinutha, S. Machine learning-based approach for identifying mental workload of pilots. Biomed. Signal Process. Control 2022, 75, 103623. [Google Scholar] [CrossRef]

	



Masters, M.; Schulte, A. Physiological sensor fusion for real-time pilot workload prediction and overload prevention. In Proceedings of the AIAA SCITECH 2022 Forum, San Diego, CA, USA, 3–7 January 2020; American Institute of Aeronautics and Astronautics: Reston, VA, USA, 2022. [Google Scholar]

	



Çakır, M.P.; Vural, M.; Koç, S.Ö.; Toktaş, A. Real-time monitoring of cognitive workload of airline pilots in a flight simulator with fNIR optical brain imaging technology. In Lecture Notes in Computer Science; Springer International Publishing: Cham, Switzerland, 2016; pp. 147–158. [Google Scholar]

	



Bennett, S.A. Pilot workload and fatigue on four intra-European routes: A 12-month mixed-methods evaluation. J. Risk Res. 2019, 22, 983–1003. [Google Scholar] [CrossRef]

	



Bauer, H.; Herbig, B. Occupational stress in helicopter emergency service pilots from 4 European countries. Air Med. J. 2019, 38, 82–94. [Google Scholar] [CrossRef]

	



Venus, M.; Holtforth, M.G. Short and long haul pilots rosters, stress, sleep problems, fatigue, mental health, and well-being. Aerosp. Med. Hum. Perform. 2021, 92, 786–797. [Google Scholar] [CrossRef] [PubMed]

	



Bezerra, F.G.V.; Ribeiro, S.L.O. Preliminary study of the pilot’s workload during emergency procedures in helicopters air operations. Work 2012, 41 (Suppl. S1), 225–231. [Google Scholar] [CrossRef] [PubMed]

	



Lin, L.W.; Lu, M.S. Empirical research on the relationship between helicopter pilots’ mental workloads and situation awareness levels. J. Am. Helicopter Soc. 2016, 61, 1–8. [Google Scholar] [CrossRef]

	



Dehais, F.; Duprès, A.; Blum, S.; Drougard, N.; Scannella, S.; Roy, R.N.; Lotte, F. Monitoring pilot’s mental workload using ERPs and spectral power with a six-dry-electrode EEG system in real flight conditions. Sensors 2019, 19, 1324. [Google Scholar] [CrossRef]

	



Fuentes-García, J.P.; Clemente-Suárez, V.J.; Marazuela-Martínez, M.Á.; Tornero-Aguilera, J.F.; Villafaina, S. Impact of real and simulated flights on psychophysiological response of military pilots. Int. J. Environ. Res. Public Health 2021, 18, 787. [Google Scholar] [CrossRef]

	



Hormeño-Holgado, A.J.; Clemente-Suárez, V.J. Effect of different combat jet manoeuvres in the psychophysiological response of professional pilots. Physiol. Behav. 2019, 208, 112559. [Google Scholar] [CrossRef]

	



Bustamante-Sánchez, Á.; Clemente-Suárez, V.J. Psychophysiological response in night and instrument helicopter flights. Ergonomics 2020, 63, 399–406. [Google Scholar] [CrossRef]

	



Skibniewski, F.W.; Dziuda, Ł.; Baran, P.M.; Krej, M.K.; Guzowski, S.; Piotrowski, M.A.; Truszczyński, O.E. Preliminary results of the LF/HF ratio as an indicator for estimating difficulty level of flight tasks. Aerosp. Med. Hum. Perform. 2015, 86, 518–523. [Google Scholar] [CrossRef]

	



Vicente-Rodríguez, M.; Iglesias Gallego, D.; Fuentes-García, J.P.; Clemente-Suárez, V.J. Portable biosensors for psychophysiological stress monitoring of a helicopter crew. Sensors 2020, 20, 6849. [Google Scholar] [CrossRef]

	



Zheng, Y.; Lu, Y.; Jie, Y.; Fu, S. Predicting workload experienced in a flight test by measuring workload in a flight simulator. Aerosp. Med. Hum. Perform. 2019, 90, 618–623. [Google Scholar] [CrossRef]

	



He, X.; Ding, L.; Miao, C.; Wu, C. Effects of flight environment on pilot workload in simulated and actual flight. In Lecture Notes in Electrical Engineering; Springer: Singapore, 2019; pp. 3040–3051. [Google Scholar]

	



Johannes, B.; Rothe, S.; Gens, A.; Westphal, S.; Birkenfeld, K.; Mulder, E.; Rittweger, J.; Ledderhos, C. Psychophysiological assessment in pilots performing challenging simulated and real flight maneuvers. Aerosp. Med. Hum. Perform. 2017, 88, 834–840. [Google Scholar] [CrossRef] [PubMed]

	



Hart, S.G. NASA Task Load Index (TLX); U.S. Government: Washington, DC, USA, 1986.

	



Hart, S.G. NASA-Task Load Index (NASA-TLX); 20 Years Later. In Proceedings of the Human Factors and Ergonomics Society Annual Meeting, San Francisco, CA, USA, 16–20 October 2006; Sage Publications: Los Angeles, CA, USA, 2006; Volume 50, pp. 904–908. [Google Scholar]

	



Reid, G.B.; Nygren, T.E. The subjective workload assessment technique: A scaling procedure for measuring mental workload. In Advances in Psychology; Elsevier: Amsterdam, The Netherlands, 1988; Volume 52, pp. 185–218. [Google Scholar]

	



Mitchell, D.G. Fifty years of the cooper-harper scale. In Proceedings of the AIAA Scitech 2019 Forum, San Diego, CA, USA, 7–11 January 2019; p. 0563. [Google Scholar]

	



Leggatt, A. Validation of the ISA (Instantaneous Self Assessment) subjective workload tool. In Proceedings of the International Conference on Contemporary Ergonomics, Hatfield, UK, 5–7 April 2005; pp. 74–78. [Google Scholar]

	



Endsley, M.R. Toward a theory of situation awareness in dynamic systems. In Situational Awareness; Routledge: London, UK, 2017; pp. 9–42. [Google Scholar]

	



Sohn, S.Y.; Jo, Y.K. A study on the student pilot’s mental workload due to personality types of both instructor and student. Ergonomics 2003, 46, 1566–1577. [Google Scholar] [CrossRef] [PubMed]

	



Billings, C.E. Human-Centered Aircraft Automation: A Concept and Guidelines; National Aeronautics and Space Administration, Ames Research Center: Washinton, DC, USA, 1991; Volume 103885. [Google Scholar]

	



Aldrich, T.B.; Szabo, S.M.; Bierbaum, C.R. The development and application of models to predict operator workload during system design. Applications of Human Performance Models to System Design; Springer: Berlin/Heidelberg, Germany, 1989; pp. 65–80. [Google Scholar]

	



Hugo, J.; Gertman, D. The Use of Computational Human Performance Modeling as Task Analysis Tool; Technical Report; Idaho National Lab. INL: Idaho Falls, ID, USA, 2012. [Google Scholar]

	



Sharma, N.; Gedeon, T. Objective measures, sensors and computational techniques for stress recognition and classification: A survey. Comput. Methods Programs Biomed. 2012, 108, 1287–1301. [Google Scholar] [CrossRef]

	



Gedam, S.; Paul, S. A review on mental stress detection using wearable sensors and machine learning techniques. IEEE Access 2021, 9, 84045–84066. [Google Scholar] [CrossRef]

	



Castaldo, R.; Melillo, P.; Bracale, U.; Caserta, M.; Triassi, M.; Pecchia, L. Acute mental stress assessment via short term HRV analysis in healthy adults: A systematic review with meta-analysis. Biomed. Signal Process. Control. 2015, 18, 370–377. [Google Scholar] [CrossRef]

	



Hovsepian, K.; Al’Absi, M.; Ertin, E.; Kamarck, T.; Nakajima, M.; Kumar, S. cStress: Towards a gold standard for continuous stress assessment in the mobile environment. In Proceedings of the 2015 ACM International Joint Conference on Pervasive and Ubiquitous Computing, Osaka, Japan, 7–11 September 2015; pp. 493–504. [Google Scholar]

	



Cho, Y.; Bianchi-Berthouze, N.; Julier, S.J. DeepBreath: Deep learning of breathing patterns for automatic stress recognition using low-cost thermal imaging in unconstrained settings. In Proceedings of the 2017 Seventh International Conference on Affective Computing and Intelligent Interaction (ACII), San Antonio, TX, USA, 23–26 October 2017; IEEE: New York, NY, USA; pp. 456–463. [Google Scholar]

	



Albuquerque, I.; Tiwari, A.; Parent, M.; Cassani, R.; Gagnon, J.F.; Lafond, D.; Tremblay, S.; Falk, T.H. Wauc: A multi-modal database for mental workload assessment under physical activity. Front. Neurosci. 2020, 14, 549524. [Google Scholar] [CrossRef] [PubMed]

	



Marquart, G.; Cabrall, C.; de Winter, J. Review of eye-related measures of drivers’ mental workload. Procedia Manuf. 2015, 3, 2854–2861. [Google Scholar] [CrossRef]

	



Skaramagkas, V.; Giannakakis, G.; Ktistakis, E.; Manousos, D.; Karatzanis, I.; Tachos, N.; Tripoliti, E.E.; Marias, K.; Fotiadis, D.I.; Tsiknakis, M. Review of eye tracking metrics involved in emotional and cognitive processes. IEEE Rev. Biomed. Eng. 2021. [Google Scholar] [CrossRef]

	



Pongsakornsathien, N.; Lim, Y.; Gardi, A.; Hilton, S.; Planke, L.; Sabatini, R.; Kistan, T.; Ezer, N. Sensor networks for aerospace human-machine systems. Sensors 2019, 19, 3465. [Google Scholar] [CrossRef]

	



Kim, H.G.; Cheon, E.J.; Bai, D.S.; Lee, Y.H.; Koo, B.H. Stress and heart rate variability: A meta-analysis and review of the literature. Psychiatry Investig. 2018, 15, 235. [Google Scholar] [CrossRef]

	



Liu, Y.; Du, S. Psychological stress level detection based on electrodermal activity. Behav. Brain Res. 2018, 341, 50–53. [Google Scholar] [CrossRef] [PubMed]

	



Posada-Quintero, H.F.; Florian, J.P.; Orjuela-Cañón, A.D.; Chon, K.H. Electrodermal activity is sensitive to cognitive stress under water. Front. Physiol. 2018, 8, 1128. [Google Scholar] [CrossRef] [PubMed]

	



Genno, H.; Ishikawa, K.; Kanbara, O.; Kikumoto, M.; Fujiwara, Y.; Suzuki, R.; Osumi, M. Using facial skin temperature to objectively evaluate sensations. Int. J. Ind. Ergon. 1997, 19, 161–171. [Google Scholar] [CrossRef]

	



Herborn, K.A.; Graves, J.L.; Jerem, P.; Evans, N.P.; Nager, R.; McCafferty, D.J.; McKeegan, D.E. Skin temperature reveals the intensity of acute stress. Physiol. Behav. 2015, 152, 225–230. [Google Scholar] [CrossRef]

	



Johannes, B.; Gaillard, A.W. A methodology to compensate for individual differences in psychophysiological assessment. Biol. Psychol. 2014, 96, 77–85. [Google Scholar] [CrossRef]

	



Landis, C. Determinants of the critical flicker-fusion threshold. Physiol. Rev. 1954, 34, 259–286. [Google Scholar] [CrossRef] [PubMed]

	



Rothkrantz, L.J.; Wiggers, P.; Van Wees, J.W.A.; van Vark, R.J. Voice stress analysis. In Proceedings of the Text, Speech and Dialogue: 7th International Conference, TSD, Brno, Czech Republic, 8–11 September 2004; Springer: Berlin/Heidelberg, Germany, 2004; pp. 449–456. [Google Scholar]

	



Scherer, K.R. Voice, stress, and emotion. Dynamics of Stress: Physiological, Psychological and Social Perspectives; Springer: Berlin/Heidelberg, Germany, 1986; pp. 157–179. [Google Scholar]

	



Ljubijankić, N.; Popović-Javorić, R.; Šćeta, S.; Šapčanin, A.; Tahirović, I.; Sofić, E. Daily fluctuation of cortisol in the saliva and serum of healthy persons. Bosn. J. Basic Med. Sci. 2008, 8, 110. [Google Scholar] [CrossRef]

	



Parshuram, C.S.; Dhanani, S.; Kirsh, J.A.; Cox, P.N. Fellowship training, workload, fatigue and physical stress: A prospective observational study. Cmaj 2004, 170, 965–970. [Google Scholar] [CrossRef] [PubMed]

	



Scannella, S.; Peysakhovich, V.; Ehrig, F.; Lepron, E.; Dehais, F. Assessment of ocular and physiological metrics to discriminate flight phases in real light aircraft. Hum. Factors 2018, 60, 922–935. [Google Scholar] [CrossRef]

	



Dehais, F.; Causse, M.; Pastor, J. Embedded eye tracker in a real aircraft: New perspectives on pilot/aircraft interaction monitoring. In Proceedings of the 3rd International Conference on Research in Air Transportation, Federal Aviation Administration, Fairfax, VA, USA, 1–4 June 2008. [Google Scholar]

	



Van Puyvelde, M.; Neyt, X.; McGlone, F.; Pattyn, N. Voice stress analysis: A new framework for voice and effort in human performance. Front. Psychol. 2018, 9, 1994. [Google Scholar] [CrossRef]

	



Kuroda, I.; Fujiwara, O.; Okamura, N.; Utsuki, N. Method for determining pilot stress through analysis of voice communication. Aviat. Space Environ. Med. 1976, 47, 528–533. [Google Scholar] [PubMed]

	



Sahar, Y.; Wagner, M.; Barel, A.; Shoval, S. Stress-Adaptive Training: An Adaptive Psychomotor Training According to Stress Measured by Grip Force. Sensors 2022, 22, 8368. [Google Scholar] [CrossRef] [PubMed]

	



Wagner, M.; Sahar, Y.; Elbaum, T.; Botzer, A.; Berliner, E. Grip force as a measure of stress in aviation. Int. J. Aviat. Psychol. 2015, 25, 157–170. [Google Scholar] [CrossRef]








[image: Sensors 23 03556 g001] 





Figure 1. Venn Diagram representing the number of selected articles that focus on a flight simulation task (ST articles), using: Objective (O), Self (S), Performance (P) assessment approaches or their combinations. 
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Figure 2. Venn Diagram representing the number of selected articles that realize a real flight task (RF Articles), using: Objective (O) or Self (S) Assessment in different combinations. No RF articles employing a performance assessment (P) approach were reviewed. 
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Figure 3. Objective measures employed in ST articles (with simulated flight task) and RF articles (real flight task). 
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Figure 4. Instrumentation setup employed and shown in [76] for real-time monitoring. The authors registered a single-lead ECG, finger temperature, pulse wave, and EDA. 
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Table 1. Objective Measures performed in the reviewed articles, type of analysis, and instrumentation employed.
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