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Abstract
As wearable assistive devices, such as prostheses and exoskeletons, become increasingly sophisticated and effective, the mental workload associated with their use remains high and becomes a major challenge to their ecological use and long-term adoption. Numerous methods of measuring mental workload co-exist, making analysis of this research topic difficult. The aim of this review is to examine how mental workload resulting from the use of wearable assistive devices has been measured, in order to gain insight into the specific possibilities and limitations of this field. Literature searches were conducted in the main scientific databases and 60 articles measuring the mental workload induced by the use of a wearable assistive device were included in this study. Three main families of methods were identified, the most common being ’dual task’ and ’subjective assessment’ methods, followed by those based on ’physiological measures’, which included a wide variety of methods. The variability of the measurements was particularly high, making comparison difficult. There is as yet no evidence that any particular method of measuring mental workload is more appropriate to the field of wearable assistive devices. Each method has intrinsic limitations such as subjectivity, imprecision, robustness or complexity of implementation or interpretation. A promising metric seems to be the measurement of brain activity, as it is the only method that is directly related to mental workload. Finally, regardless of the measurement method chosen, special attention should be paid to the measurement of mental workload in the context of wearable assistive devices. In particular, certain practical considerations, such as ecological situations and environments or the level of expertise of the participants tested, may be essential to ensure the validity of the mental workload assessed.
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	Electrodermal activity

	EEG
	Electroencephalography

	ERP
	Event-related potential
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	RSME
	Rating scale mental effort

	SCL
	Skin conductance level
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	Skin conductance response

	SDANN
	Standard deviation of the average instantaneous heart rate intervals

	SWAT
	Subjective workload assessment technique.




Introduction
Wearable assistive devices aim to improve the mobility of their users, either by preserving or enhancing the motor performance of able-bodied people or by restoring the motor abilities of disabled people. Advances in mechatronics and robotics over the past few years have allowed for a significant acceleration in the development of increasingly sophisticated and efficient assistive devices [1]. However, a major challenge remains and tends to worsen due to the increasing complexity of these tools: the mental workload associated with using these devices [2, 3]. Mental workload was already identified as a critical criterion for acceptance of assistive devices in the 1970s and the rise of myoelectric prostheses [4], but it is still possible that it will increase with the growing complexity of the devices.
Although quite intuitive and widely used, the concept of mental workload comes with a plurality of definitions [5], which depend mainly on the context of the study. Globally, it can be described as “how hard the brain is working to meet task demands” [6]. In a human-computer interaction context such as that of wearable assistive devices, mental workload can be considered as the “demand placed on the user by the system” [7]. However, the mental workload depends on many parameters, notably on the intrinsic difficulty of the task performed but also on the subjective experience of the user. Thus, for the same task, two people will not have the same mental workload, depending on their initial capacities, their experience, their reaction to time pressure or fatigue, etc.
Depending on the scenario and the user’s cognitive abilities, the mental workload induced by the use of an assistive device may be such that the user may be unable to perform a parallel task or fully exploit the capabilities of the device, which could eventually lead to its abandonment [8]. For example, a robotic rehabilitation device that is too complex to use could negatively impact the patient’s motivation [9] and limit his or her involvement in the recovery process [10], greatly affecting the overall beneficial therapeutic effect [11]. Upper limb prosthesis wearers tend to compensate for the slowness and cumbersomeness of prosthesis control by relying on compensatory body movements [12], and may end up using the motorized prosthesis as a mere rigid tool or replacing it with overuse of their intact limb [13]. While walking is considered an activity requiring little or no cognitive effort for an able-bodied person, the use of a lower limb prosthesis or exoskeleton requires a high level of concentration [14], preventing the user from walking on uneven ground at the risk of falling [15], or performing a second parallel task such as holding a conversation [16]. The use of an exoskeleton to enhance physical performance should also not hinder the wearer in performing tasks such as giving orders or reading a map in the case of a soldier [3].
The mental workload caused by the use of assistive devices thus becomes a major consideration for the ecological/realistic use of assistive devices and their long-term adoption. This will only be possible if the balance between the benefits and burdens of use is strongly in favor of using the device. It is therefore crucial to be able to assess the mental workload imposed by the use of assistive devices, to ensure that the devices designed generate a minimal mental workload so that they can actually be usable and used.
However, measuring mental workload is quite complex. Measurement methods are numerous and variable, and the current literature does not specify which methods are appropriate for measuring the mental workload associated with the use of a wearable assistive device. Although studies on mental workload measurement already exist [7, 17–19], they focus primarily on physiological measures and none are applied to the field of assistive robotics. Only [20] focused on wearable assistive robotics but only provided a quick comparison of mental workload measurement methods for electromyography-based prosthetic devices. In [21], the authors announce that they will publish different measures of cognitive performance during walking, applied to the use of lower limb prosthesis. So, as this topic is clearly gaining interest, the purpose of this review is to examine how mental workload related to the use of wearable assistive devices has been previously measured, to better understand their advantages and disadvantages, and to determine the most appropriate method based on the application.
Overview
Methodology
A literature search was conducted in major scientific databases (including PubMed, IEEEXplore, ScienceDirect, and Google Scholar), using combinations of the following keywords: prosthesis, exoskeleton, orthosis and cognitive, mental and load, workload, effort, burden, demand, cost, strain. An initial selection of articles was made, and their references were manually searched for additional articles. Based on these results, studies measuring the mental workload induced by the use of a wearable assistive device (real or simulated, with disabled or able-bodied subjects) were included in this review. Because this review focuses on different methods of measuring mental workload, a large number of articles simply mentioning the mental workload induced by an assistive wearable device without measuring it were excluded. In the end, 60 articles were selected for this analysis, all published before June 2021. Some articles using questionnaires as a measurement method (see below) may be missing from this selection, as it is difficult to find all studies using customized questionnaires or not mentioned in the abstract.
Measurement methods
Techniques for measuring mental workload when using wearable assistive device applications can be classified in the same way as for other applications: subjective assessments, secondary task procedures, physiological measures, and modeling.	Subjective assessments are based on questionnaires that allow the participant to assess his or her own mental workload through rating scales for items such as mental effort, fatigue, frustration, etc.

	Secondary task procedures are performance-based measures using a dual-task paradigm: the participant is asked to perform a secondary task simultaneously with the primary task. His or her performance on the secondary task then reflects the mental workload induced by the primary task.

	Various physiological measures are related to a person’s cognitive functioning and can therefore be used to measure mental workload. Five different types of measures are considered in this review: ocular activity, skin-based measures, cardiac activity, respiratory activity and brain activity.

	Cognitive modelling allows to estimate the complexity of a task and the time needed to perform it by breaking it down into small simulated mental steps. It can therefore be used to evaluate the mental workload induced by a task without having to actually perform it.



Figure 1 presents the distribution of methods for the studies considered in this review. Subjective questionnaires and secondary task procedures are currently the two most widely used techniques for measuring mental workload in wearable assistive device applications (45% and 40% of studies, respectively). Among physiological measures, the measure of brain activity is the most investigated. In addition, various studies apply several measurement strategies in combination. In particular, when collecting physiological data, different parameters (cardiac activity, respiratory activity, etc.) are often investigated at the same time, and a questionnaire or a secondary task procedure can also be applied.[image: ../images/12984_2021_953_Fig1_HTML.png]
Fig. 1Distribution of mental workload measurement methods among reviewed assistive devices articles


Major facts
A growing number of articles mention that using a prosthesis is cognitively demanding (for example, for a Google Scholar search: prosthesis “mental workload” yields 1380 results, 1110 of which have been published since 2010, and 521 since 2018) as it becomes clear that despite advances in technology, the mental workload is not decreasing. However, only a small portion of these articles actually measured this mental workload. Figure 2 shows the chronological distribution of the studies considered in this review. It can be seen that although the number of articles per year is increasing, it remains low, with a maximum of 12 publications in 2019.[image: ../images/12984_2021_953_Fig2_HTML.png]
Fig. 2Distribution in time of the articles considered in this review, showing an acceleration of the publication on the subject


Figure 3 shows the distribution of the objectives of the studies considered. Many of the studies use mental workload measurement as a tool to compare or test the cognitive cost of using certain assistive technology innovations (shown in blue in Fig. 3). In particular, control modes, sensory feedback, training modalities and new device designs are evaluated. A second part of the papers attempts to validate a means of measuring mental workload for a wearable assistive device application (in red in Fig. 3). A third part deals with the study of mental workload itself (in yellow on the Fig. 3): their objective is to understand the cognitive difficulty of using a device (compared to healthy subjects for example), the possible adaptations to this cognitive difficulty, or the effects of a cognitive task simultaneous to the use of the device.[image: ../images/12984_2021_953_Fig3_HTML.png]
Fig. 3Distribution of the context of the articles considered in this review. In blue, studies using mental workload measurement as a tool to validate an innovation. In red, studies trying to validate a mental workload measurement method for the field of wearable assistive devices. In yellow, studies investigating mental workload itself


Of the selected studies, the largest proportion involved prosthetics (80%) compared to exoskeletons (20%). This is likely due to the fact that advanced bionic prostheses have been developed and available (even commercially) for more than a decade, whereas exoskeletons are rather new technological tools that are still in the development phase and have not yet faced usability issues such as mental workload. There are also slightly more studies on upper extremity devices (55%) than on lower extremity devices (45%). This difference is more pronounced for prostheses (60% for upper limb prostheses and 40% for lower limb prostheses) and can probably be explained by the major difference in the control between lower limb and upper limb systems. Indeed, lower limb prostheses typically offer discrete action control (i.e., a signal to be produced or a bodily motor behavior to be performed in order to activate a predefined assistance for a given task, such as standing or walking), whereas upper limb devices typically require users to continuously control the device at the joints. Controlling an upper limb prosthesis is therefore an important cause of increased mental workload and may explain the greater number of articles on upper limb prostheses. On the contrary, for exoskeletons, there are more studies for the lower limb than for the upper limb, which may be due to the greater number of lower limb exoskeletons developed to date. Figure 4 shows the distribution of upper limb device studies (in blue) and lower limb device studies (in red).[image: ../images/12984_2021_953_Fig4_HTML.png]
Fig. 4Distribution of upper limb devices studies (in blue) and lower limb devices studies (in red) among the considered studies on assistive devices


In the following section, the different types of methods used to assess mental workload when using portable assistive devices are described and analyzed. A table resuming the used mental workload measurements for all references can be found in Appendix.
Mental workload measurement methods
Subjective ratings
Although there are several standardized questionnaires for assessing mental workload (SWAT, RSME, etc.), the NASA-TLX (Task Load Index) [22, 23] is the only one used in the studies selected for this review. This questionnaire evaluates mental workload according to 6 aspects: mental demand, physical demand, perceived performance, temporal demand, effort, and frustration. Each item is rated by the subject using a bipolar scale giving a score between 0 and 100. A weighting procedure applied to each item then calculates the subject’s total mental workload or task load index [24–27]. However, an increasing number of studies use the raw workload index, which is the arithmetic mean of the 6 items [3, 28–37]. The independent analysis of the 6 subscales can also be used to differentiate between two tasks and determine which aspects of mental workload have the most impact on the subject [3, 29, 30, 32–34, 38–43].
Some researchers have added new subscales to the NASA-TLX to supplement it. For example, a “Conflicting Work Demand” item was added in [40], and an item regarding perceived embodiment of the prosthesis was added in [35]. Various similar questionnaires, but more specific to the field of wearable assistive robotics, were also introduced, either to replace the NASA-TLX [44, 45] or to complement it [35, 40].
Questionnaires (especially the NASA-TLX) have been widely used for many years and remain the standard. They are easy to implement and their reliability has been proven in various domains [23]; however, they remain subjective methods and therefore susceptible to bias by individual factors. For example, they depend heavily on the memory (in the case of extended protocols or multiple conditions, for instance) and self-analysis abilities of the participants, who can sometimes get lost between the perception of their own performance and the mental workload felt.
Dual-task paradigms
Mental workload is related to performance, but is not the same thing. For example, an increase in mental workload does not necessarily imply a decrease in the subject’s performance if the subject is able to maintain his or her level of performance by increasing effort or changing strategy. However, the two concepts are related and this is why dual-task paradigms, which are performance-based measures, are among the most widely used methods for measuring mental workload. In a dual-task paradigm, the subject is asked to perform a second cognitively demanding or attention-demanding task in parallel with his or her primary task (which in our specific case is the use of a prosthesis or exoskeleton). If the mental processing of the second task conflicts with that of the first task, the performance on one or both tasks will be decreased in order to continue the execution of the tasks. It is then possible to compare the performance obtained for different task conditions: the lower the performance, the higher the mental workload associated with the task condition. Depending on the task on which the user is asked to concentrate, the performance of the primary task and/or the secondary task can be analyzed. Without trying to measure mental workload precisely, dual tasks are also used to have a more realistic context and/or to verify that the user is able to perform an action while using the device [3, 28, 46–50].
In the context of wearable assistive devices, different types of tests have been used. These are mainly mathematical tests (subtraction by 7 or 3, addition, etc.) [45, 46, 50–55], verbal fluency tests (vocabulary, spelling, etc. ) [45, 50, 51, 54, 56, 57] and memory tests [47, 58, 59]. Several studies also use approaches based on audio stimuli [3, 4, 52, 60, 61] or visual stimuli [3, 16, 33, 40, 52, 62]. However, these visual tasks are typically used with lower limb devices, as the use of upper limb devices already requires a high level of visual attention. For these devices, various secondary tasks that can be performed with the subject’s intact limb have been used [49, 63].
Dual-task paradigms may be of interest to the field of wearable assistive robotics, as cognitive and motor activities have been shown to be interdependent. In particular, there are interactions between walking and cognition: the addition of a second cognitive task disrupts the quality of walking, even in able-bodied individuals [64]. This is most noticeable in people with lower limb prostheses, who report a great need for concentration during walking. Thus, studies of lower limb prostheses using a dual task to measure mental workload typically examine variations in subjects’ gait in addition to cognitive task performance through several gait characteristics, such as walking speed, cadence, stride time, step length, sway, asymmetry [14, 16, 45, 51, 52, 65–67].
In conclusion, although dual-task paradigms are a popular method, approximately 25% of the studies selected for this review report non-significant differences in mental workload when measured with a dual-task paradigm. The reasons often cited for this lack of difference in mental workload are a too small difference in difficulty between the two main tasks that are compared, or a second task that is not challenging enough.
Physiological measures
Ocular activity
Ocular activity monitoring provides several parameters that can be used to measure mental workload, such as pupil dilation, blink rate, gaze, etc. Among these different parameters, only pupil dilation, which corresponds to the variation in pupil size, has been used to estimate mental workload in the context of upper limb prosthesis applications. Indeed, pupil dilation has been shown to reflect mental effort and attention [68]. Larger pupil size tends to indicate more intense cognitive processing. This method has been particularly used to estimate mental workload for upper limb prosthesis applications. Using a Facelab eye-tracking system emitting infrared light, researchers in [69–71] measured pupil diameter as significantly larger when the prosthesis control mode was rated as more difficult by the user. With Tobii Pro2 eyeglasses, researchers in [72] also found a larger pupil diameter when the user experienced difficulty controlling their prosthetic hand.
In conclusion, pupillometric data appear to be a reliable metric for measuring mental workload. However, they must be used in a controlled environment, as the data can be corrupted due to changes in ambient light for example. Also, with a fixed eye-tracking system such as that of [69–71], the location of the subject relative to the system is very important, and data can be lost if he/she is misplaced or moves too much. This is probably why it has only been used for upper body devices and in laboratory environments, not in ecologically valid situations.
Skin-based measures
Electrodermal activity (EDA), also known as galvanic skin response, refers to the change in electrical properties of the skin in response to sympathetic nervous system activity on the sweat glands. The EDA measurement consists of two different components: skin conductance level (SCL), which corresponds to tonic changes in skin conductance, and skin conductance response (SCR), which corresponds to phasic changes in skin conductance measured by the number and intensity of spikes. SCL and SCR have been shown to increase with mental demand [73–75].
SCL increased when using a more mentally demanding interface to control an arm exoskeleton [38]. However, no significant effect of SCL was observed between two different modalities of prosthesis feedback [24, 25], or when introducing a cognitive task during walking with a lower limb prosthesis [33]. Regarding the SCR measure, the researchers of [33] extracted the frequency and amplitude of EDA spikes. However, neither measure changed significantly when adding a cognitively demanding task during walking with a lower limb prosthesis [33] or when using a hand prosthesis [25].
In conclusion, while skin measures have been shown to be well-established indicators of mental workload in general [76], only one of the studies in this review obtained a significant result using this type of measure [38]. This is likely due to the fact that skin measures are very sensitive to physical load and therefore not suitable for tasks requiring physical activity. For example, the physical effect of walking in [33] may have hidden the effect of mental workload on the EDA. Also, conductivity and skin temperature change quite slowly: it takes several minutes for them to change with the level of mental workload, which could explain the lack of results in [24, 25]. So, the influence of the physical activity and the slow electrodermal response, skin measurements may not be suitable for measuring mental workload when using assistive wearable devices.
Cardiac activity
The electrical activity of the heart is measured by electrocardiography (ECG), and several measures related to mental workload can be extracted, including heart rate (HR) and heart rate variability (HRV), the latter being a measure of the variation of time between each heartbeat. HR and HRV are well-established indicators of mental workload in a variety of domains because of the interactions between the autonomic nervous system and the cardiovascular system. Whereas an increase in HR is generally positively correlated with an increase in mental workload [73, 74, 77], a reduced HRV has been linked to poorer cognitive performance and higher cognitive demand [77, 78].
In [33], an increase in HR was observed both when a mentally demanding secondary task was introduced when walking with a lower limb prosthesis, and when the walking task was made more complex. It decreased when adding audio-visual feedback to an upper limb prosthesis [24, 25], suggesting that the added feedback reduces the cognitive demand of prosthesis use. However, no significant difference in mean HR was observed for an increase in prosthesis task speed [4], or when changing the control mode of an exoskeleton [38].
HRV can be analyzed both in the time domain and in the frequency domain. In both cases, a reduced HRV is related to a higher mental workload. In the time domain, the SDANN characteristic is the Standard Deviation of the Average instantaneous heart rate intervals (NN intervals) calculated over a moving window. It was significantly lower in those with difficulty using a BCI-controlled manual exoskeleton [39], and significantly lower for a more mentally demanding exoskeleton control mode [38]. Furthermore, it decreased over time in both control modes, suggesting increasing mental fatigue of participants as the experiment progressed. Similarly, the RMSSD feature, the square root of the mean squared differences of successive NN intervals, significantly decreased when a mentally demanding secondary task was introduced during walking with a lower limb prosthesis in [33]. In the frequency domain, reserchers in [24, 25] investigated changes in the 0.1 Hz component of HRV from a resting state, but no statistical difference was found. In [33], the ratio of low-frequency HRV components (0.04–0.15 Hz) to high-frequency HRV components (0.15–0.4 Hz) differed significantly between the walking condition, but not between with and without an added parallel cognitive task.
In conclusion, like skin measurements, HR and HRV are related to mental workload, but they are also highly sensitive to physical load and may not be the most appropriate measurements for wearable assistive device applications that typically require physical activity.
Respiratory measures
Respiratory measurements can include a variety of measures. Among these, respiratory rate, or breathing frequency, has been found to increase with mental workload and stress [74]. Although respiratory rate can be measured by electro-physiological methods, it has primarily been measured from the change in chest circumference during breathing. Using this measurement technique, researchers in [33] found that respiratory rate was one of the most sensitive physiological parameters to mental workload. Indeed, respiratory rate increased significantly when an additional cognitively demanding task was added while walking with a lower limb prosthesis. However, in [38], the control mode of the exoskeleton had no influence on respiratory rate. Similarly, in [4], subjects’ respiratory rate did not change as a function of the difficulty of the grasping task, and in [25], respiratory rate did not allow for conclusions about the mental workload induced by different sensory feedback modes.
In conclusion, although respiratory rate is related to stress and mental workload, it is also strongly influenced by physical activity. In [33], the difference in physical demand between symmetric and asymmetric walking was sufficient to induce a significant difference in respiratory rate. Furthermore, patients requiring an assistive wearable device are often frail, and the use of the device represents a significant physical effort for them, strongly impacting their breathing. Thus, respiratory rate as a method for measuring mental workload may not be appropriate for wearable assistive device tasks.
Brain activity
The physiological measures presented above provide an indirect evaluation of mental workload. Access to brain activity could allow a direct assessment. To date, two methods have been used: electroencephalography (EEG) and functional near-infrared spectroscopy (fNIRS). fNIRS measures changes in the relative concentrations of oxygenated and deoxygenated hemoglobin in the cortex due to neuronal activity [79]. It has only recently been used to assess workload during prosthetic use. In [80, 81], fNIRS showed a higher level of brain activity in lower limb prosthesis users than in controls for the same walking task. The introduction of a secondary cognitive task resulted in increased brain activity in [81]. fNIRS also discriminated the use of a prosthetic hand with or without sensory feedback in [82]. EEG, which measures the electrical activity of the brain (mainly pyramidal neurons), has been widely used and we will go into more detail about this method. Different aspects of EEG signals can be evaluated, especially in the time and frequency domain as we will see below.
Time domain A first EEG approach is based on event-related potentials (ERPs), which are spikes in the temporal EEG signal, time-locked to discrete stimuli (auditory, visual, somatosensory...) to which the participant does not necessarily have to pay attention. The ERP amplitude is inversely proportional to the mental workload of the main task at hand: the higher the cognitive demand, the lower the ERP amplitude evoked by the stimulus, reflecting a reduced availability of mental resources for processing the auditory or visual stimulus [83]. ERP components are named with a letter representing their polarity (P for positive, N for negative) and a number that indicates their latency (in ms) between the stimulus and the peak. The P300 component (also often referred to as P3), which appears approximately 300 ms after a stimulus, is one of the most studied ERP components, although the P200 component and “late positive potentials” (LPP) have also been studied in relation to mental workload. These components are usually measured on electrodes located on the midline of the head (i.e., mainly, but not exclusively, on Pz and Cz).
Researchers in [44] measured ERPs on Pz to distinguish mental workload during an easy level of upper limb prosthesis control from that during a difficult level. The results showed an inverse relationship between mental workload and the amplitude of P200, P300, and LPP. Regarding the lower extremity, researchers in [84] provided a proof-of-concept protocol using the P300 to measure mental workload in a population of seated, standing, and treadmill walking control participants. The P300 was able to distinguish sitting from walking after 30 minutes of task execution. For lower extremity devices, the P300 suggests that walking with a prosthesis without sensory feedback requires a greater mental workload than with sensory feedback [85, 86]. In the study [41], the P300 component measured on Cz also showed a significant difference between performing a task in the sitting condition and when walking with a prosthesis. In the same study, other ERP components were found to be relevant for measuring mental workload in a more subtle way. Indeed, the late positive potential at the Pz electrode and the P200 component at Fz, Cz, and Pz showed significant differences between easy and difficult levels of the task, while the P200 at Cz differentiated an intermediate level between easy and difficult. These examples show that EEG can distinguish mental workload between different conditions without adding an active task unrelated to the experimental condition, making the assessment not only direct but also ecological.
Frequency domain A second approach uses the frequency characteristics of EEG signals. Brain waves are divided according to their frequency into several sub-bands: delta (1–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz) and gamma (30–80 Hz). Different functions have been attributed to these frequency bands, some of which may be related to mental workload. For example, delta oscillations have been found to be dependent on the activity of motivational systems, alpha oscillations on attention and theta oscillations on emotional regulation [87]. It has also been suggested that frontal theta may be a mechanism of cognitive control [88]. Not surprisingly, studies have assessed mental workload by power, entropy, and connectivity between regions for these EEG frequency bands.
The beta band ([image: $$\sim$$] 14–35 Hz) has not been shown to vary with workload during walking with a prosthesis [25]. In contrast, alpha band power ([image: $$\sim$$] 8–13 Hz) has been shown to be inversely related to mental workload during control of a manual prosthesis [89]. Indeed, by manipulating the feedback modality, alpha power was shown to decrease more when the NASA-TLX mental workload score was higher [25]. Similarly, an overall reduction in alpha power was observed when participants used a prosthetic hand instead of their natural limb [90, 91]. When walking with a prosthesis, low ([image: $$\sim$$] 8–10 Hz) and high ([image: $$\sim$$] 11–13 Hz) alpha power decreased as cognitive-motor task demands increased (due to cognitive task difficulty and/or task condition) [41, 43]. Gamma band power ([image: $$\sim$$] 36–44 Hz) also decreased in the face of more difficult walking [43]. Conversely, theta band power ([image: $$\sim$$] 4–7 Hz) was positively correlated with mental workload, increasing in the frontal region as cognitive-motor task demand increased [41, 43]. As might be expected from these results, the theta to alpha power ratio shows changes in mental workload [92]. The power of the fronto-theta/parietal-alpha (FT/PA) ratio increased with task difficulty [41, 43], as did the power of the fronto-theta/frontal-alpha (FT/FA) ratio [43]. The statistical entropy of the alpha band seems also positively related to mental workload: a rise in the entropy is hypothesized to reflect a less organized and more complex way of functioning of the brain [93]. In [42, 94], it increased with the mental fatigue of the participant and the difficulty of the task, and increased slower when the interface of prosthesis control is adaptive to the mental state of the participant. Finally, diminution of high-alpha connectivity between Fz (motor planning) and T7 (verbal-analytical) regions of the brain has been linked to a less conscious, less explicit control of a prosthesis [90]. Conscious control processes require considerable cognitive resources and therefore contribute to increase the mental workload. Overall, these results show that the relationship between workload and EEG signals is extremely complex but promising.
In conclusion, measurements of brain activity using methods such as EEG or fNIRS are interesting because they seem, by definition, to be directly related to mental workload. This field is evolving rapidly and the literature on the subject (outside the field of portable assistive robotics) is vast and growing. EEG measurements appear to have been used successfully in several above mentioned studies where the participants walked with a lower limb prosthesis [41, 43, 84–86, 91]. The development of wireless devices offers the possibility of making measurements under more realistic conditions. However, measurement of brain activity is not easily affordable, as EEG and fNIRS equipment are generally expensive, and signal processing remains complex.
Cognitive modeling
Cognitive modeling differs from previous methods in that it aims to predict user performance in a task without performing an experiment, but by modeling how a user would interact with the system. Various computational models have been developed since the 1980s, mainly for the human-computer interaction domain.
Only one study has used cognitive modeling to assess the mental workload associated with the use of a wearable assistive device: researchers in [71] used a model from the GOMS family (Goals, Operators, Methods and Selection rules) to compare two modes of control of an upper limb prosthesis. To do this, a task with the prosthesis was divided into elementary operations belonging to three different categories: perceptual (visual, auditory, etc.), motor (movement of the arm, etc.) and cognitive (memorization of information, choices, etc.). A duration is associated to each operation, which finally allows to estimate the total duration required for the task.
The task with the prosthesis was modeled twice: once for a conventional myoelectric control mode, and once for a pattern recognition control mode. The pattern recognition control mode was shown to require fewer cognitive and motor operations for the same task. This would predict that this control mode will be less demanding than the other for this task. Furthermore, although the times calculated with the GOMS model are considerably less than those actually required to complete the task, the relative times of the different steps are similar.
In conclusion, a GOMS model can be used to predict/compare the usability of a prosthesis and the associated mental workload for a specific task, and possibly improve the human-machine interface to reduce the workload. Unlike other methods that provide a more global estimate, cognitive modeling allows a more detailed study of the origin of the demand difference by studying the distribution of operators in the categories. However, it only considers an expert user and focuses more on the intrinsic difficulty of the task, and not on the subjective experience of the user, the latter being an important component of the mental workload.
Discussion
Given the different articles reviewed, several analyses can be performed. In the following section, we first provide some general observations about the field, then discuss the general challenges of accuracy and robustness in quantifying mental workload, and finally we consider several practical considerations related to the specificity of the wearable assistive robotics field.
A growing and unsolved research question
While the measurement of mental workload has been extensively studied for over 40 years [5], it is only recently that the field of wearable assistive device research has begun to focus on it. This recent interest coincides with an increase in both the technological advances of these devices and the inherent complexity of their control and use. Given the distribution of methods (shown in Fig. 1), the fairly large number of studies on the validation of new metrics (shown in Fig. 3), and reviews of the literature, it is evident that the measurement of mental workload for wearable assistive devices remains an unresolved challenge, and that there is not yet an effective, universally agreed-upon method. Indeed, while subjective assessments and dual-task paradigms are the most commonly used methods, they suffer from imprecision. Methods based on physiological measures do not seem to be an effective alternative for various reasons, as mentioned above. Although there seems to be a growing interest in measuring brain activity, it is the most complex physiological measure to assess and interpret. Yet, research in the latter area is a hot topic, and thus it is the measure most likely to evolve. It is also and above all the only measure that is directly related to mental workload. As for the cognitive modelling method, it has so far been applied to too few studies to be able to assess its value in this area.
The limited precision and robustness in measuring the mental workload
Robustness of physiological measurements Mental workload measures based on physiological measures are fundamentally influenced by many factors, some of which are difficult to control. Indeed, apart from the direct measurement of brain activity, other physiological measures capture the reactions of the autonomic nervous system. Thus, even if the measures used are indeed related to mental workload, their variation may also reflect the variation of many other parameters (environmental or internal). There is therefore a significant risk of misinterpreting a physiological signal believing that a variation is due to mental workload when in fact it is due to another phenomenon.
Physiological measures are, for example, very sensitive to physical activity. So, although a priori not included in (or even opposed to) mental workload by definition, physical workload is an important variable to take into account when measuring mental workload. There is a risk of observing false positives in increases in mental workload (e.g., in [40]), the increase in heart rate is due to the squatting position and not to the mental workload) or on the contrary false negatives, the mental workload being hidden by the physical demand [33]. It is therefore crucial to carefully examine the effect of physical load, especially in the field of wearable assistive devices for which cognitive and motor actions are obviously often used as evaluation tasks.
The influence of psychological factors. Psychological variations are often considered part of mental workload, although the exact definition of mental workload and whether or not psychological load (such as the “emotional load”) should be included are still under discussion [95]. In the context of sport, psychological workload has been referred to as the set of psychological demands a person faces that are primarily and directly associated with their life in and out of sport [96]. The field of wearable assistive devices is different in many ways, but there are some commonalities, particularly the physical aspects and the need to succeed. Therefore, as in sports performance, the same task repeated twice by varying a single psychological parameter (e.g., family, social) may yield two different measures of mental workload, even if the objective difficulty of the task has not changed. The distinction between psychological workload and mental workload is not necessarily important, but it can become a concern when trying to determine the cause of increased mental workload. Indeed, a physiological measurement does not allow to identify which parameter creates a variation in mental workload, since only an overall measurement is obtained. On the other hand, a well-designed questionnaire could allow this, as the user should be able to differentiate between intrinsic difficulty and psychological factors. Cognitive modeling does not take into account any psychological aspects and focuses only on the intrinsic difficulty of the task.
Limited coherence of results A major difficulty in the analysis of existing work lies in the absence of a precise and unified definition of mental workload. Indeed, even if the global concept may seem simple, there is a multiplicity of phenomena considered with their associated metrics. As the aim of this review is not to discuss the definition of mental workload, we have considered it as an open concept, bringing together the many different variables used to characterize it. But the multiplicity of measures can lead to inconsistency between the different results obtained. Recognizing the difficulty of characterizing mental workload, many studies used multiple measurement methods at the same time to obtain a more reliable measure. In particular, many studies used a subjective questionnaire in addition to the objective measure to confirm the latter [25, 33, 38, 40–45]. There are also studies using multiple measures at the same time, including various physiological measures [25, 33, 38]. If the simultaneous use of several measures most often allows the refinement of the measurement, the results obtained can sometimes be inconsistent or contradictory, as has been found in several studies [25, 44]. Indeed, each measurement method accesses mental workload in a different way: the dual-task paradigm focuses rather on attention management issues, physiological measures (outside brain activity) on autonomic nervous system variations, etc. Their different origins and influences may therefore lead to different measures of mental workload, which makes it difficult to compare the different metrics within the same study.
Comparison of the results obtained by the different studies is even more difficult, if not impossible. In addition to the variability of the parameters, the experimental setup and protocols used to characterize mental workload reinforce the difficulty of comparing results between studies, and thus in the present cases, the performance of assistive devices. Even the NASA-TLX, which has been widely used since its inception in 1988, can hardly provide an absolute reference for comparing mental workload levels. This lack of consensus may be detrimental since only a local comparison with control conditions in a given protocol is possible. Finally, in some studies, the inter-subject variability itself (and sometimes the intra-subject variability when several measurements are made during the day, due to the influence of environmental factors) strongly hampers the validity of the conclusions drawn.
Temporal aspects In most of the studies included in this review, measured data are used to calculate a level of mental workload after experimentation, not in real time (except for some specific applications, such as an adaptive interface in [42]). Indeed, the data obtained with most of the measurement methods considered require significant offline post-processing. Since the purpose of these studies is mainly to compare mental workload levels in different situations, this is not necessarily a problem. Also, the fact that the data require post-processing steps does not necessarily prevent good temporal accuracy of the measurement. However, there are also many measures that provide low-frequency information (such as the slowly evolving EDA) and considering only the full record over the task may allow for relevant analysis. Other metrics, although recorded continuously, may need to be averaged over a period of time to provide a representative measure because they are not robust to physical load or environmental factors (e.g., heart rate, pupil dilation). So, at the end they only provide a global estimate of the mental workload of the task. Finally, subjective evaluations, by their very nature, can only provide data at a specific time, usually at the end of the task. To have an intermediate measure, one would have to interrupt the task and fill out a questionnaire, which can interfere with the correct execution of the task. Therefore, such a single measure of mental workload on a complete task gives a less detailed and probably less accurate assessment of mental workload than a continuous measure with high temporal accuracy. Such an overall estimate, however, does not provide a clear understanding or identification of the origins or underlying factors of mental workload.
Practical considerations
Setup complexity In addition to subjective assessments, dual-task paradigms, and cognitive modeling, the use of physiological measures tends to complicate the experimental setup with additional sensors for participants to wear (which can cause interacting problems with the sensors that are used to interact with assistive devices, or simply interfere with users’ natural abilities). It also adds experimental steps to set them up (the EEG being particularly time consuming) and sometimes to calibrate them. In addition, the cost of some of the required equipment (EEG system, eye tracker, etc.) may be a major factor minimizing the generalization of these, especially for intangible methods. Finally, some of the physiological measures require specific technical expertise to be processed and analyzed, which may limit their adoption outside specific research institutions. All of these aspects constitute a real barrier to the generalization of these methods.
Ecological measurements As observed, some parameters and protocols require standardized environments or controlled experimental conditions to avoid the influence of external variables (such as variation in light for pupil dilation, unexpected situations causing additional stress, an imposed strategy for performing a task under different conditions, or uncalibrated objects used in a task resulting in a variation in physical load). The assessment performed may not be fully representative of the actual use of the assistive devices. This is true for most approaches, because while this is more of an issue for physiological measures, even subjective assessments require standardized tasks and protocols to perform comparative score analyses.
Naive or expert users The mental workload of naive participants learning to use a wearable assistive device is different from that measured after some time of use, once they have become experts in the use of the device. Therefore, it is crucial to take into account the level of expertise of the participants in the experiment. Indeed, with users who are becoming familiar with a device, what is being measured may not be the mental workload induced by using the assistive device but rather by discovering and learning how to use it. One device may be difficult to grasp but easy to use once learned, while another moderately complex device may be easier to handle at first but will always be difficult to use. To account for this learning effect, studies could perform multiple measurements over different sessions, as [60] did over three days of experimentation. Also, since studies on measuring mental workload in the field are always a comparison between two devices (or modalities such as control mode, feedback, etc.), participants should have the same level of expertise in both modalities. However, it is difficult to organize a research experiment with participants who are experts in two different devices, especially with patients. For this reason, some teams try to assemble patients who are nearly naive to both devices and train them to have similar proficiency in both devices [54]. Other teams choose patients who have already experienced using their own assistive device and give them extensive training, up to several months, for another device [16, 45]. In any case, these aspects should definitely be taken into account to avoid any possible bias by confusing the level of expertise of the users with the difficulty of using a device when measuring mental workload.
Conclusions
The field of wearable assistive devices is growing and becoming more mature, with research questions going beyond the technical aspects, including the ergonomics and usability of the devices. Consequently, there is a growing need for methods to measure and analyze the mental workload generated by these technologies. In this review, we summarized the methods used to assess the mental workload generated by the use of a wearable assistive device in 60 publications. The variability of the measures was particularly large, making their comparison difficult. Three main families of methods were identified. Subjective assessments and dual-task paradigms are the most commonly used methods, but they suffer from imprecision. Methods based on physiological measures, encompassing a wide variety of metrics, are also widely used for their objective dimension, but they are not very robust and therefore do not offer an optimal alternative. The measurement of brain activity, which is directly related to mental workload, is of growing interest in the literature and is the most likely to evolve profoundly. There is thus no consensus yet on a particular method of measuring mental workload that would be the most suitable for the field of wearable assistive devices. Regardless of the method chosen, several practical aspects must be carefully considered in this field, such as the impact of physical activity, psychological aspects, the level of expertise of the subjects and the ecological validity of the measurements. Ultimately, it is clear that the path to developing reliable measures requires a more fundamental understanding of mental workload, its definition, processes and influencing factors.
Acknowledgements
Not applicable.

Authors’ contributions
CM performed the literature review, structured the paper contents, and wrote most of the manuscript. JDG revised critically the work and contributed to the writing. NJ supervised the work, made critical feedback throughout the writing process and contributed to the discussion section. All authors read and approved the final manuscript.

Funding
This work was supported by ANR BYCEPS, ANR-18-CE19-0004.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


Appendix
See Table 1.Table 1Summary of articles reviewed and associated methods for measuring mental workload


	References
	Authors
	Year
	Device
	Limb
	Mental workload measurement methods

	 	 	 	 	 	Subjective rating
	Dual-task paradigm
	Physiological measures
	Cognitive modeling

	 	 	 	 	 	 	 	Ocular
	Skin-based
	Cardiac
	Respiratory
	Brain
	 
	[3]
	Bequette et al.
	2020
	Exoskeleton
	Lower
	[image: $$\checkmark$$]
	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[4]
	Stassen et al.
	1975
	Prosthesis
	Upper
	 	[image: $$\checkmark$$]
	 	 	[image: $$\checkmark$$]
	[image: $$\checkmark$$]
	 	 
	[14]
	Morgan et al.
	2016
	Prosthesis
	Lower
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[16]
	Heller et al.
	2000
	Prosthesis
	Lower
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[24]
	Gonzalez et al.
	2011
	Prosthesis
	Upper
	[image: $$\checkmark$$]
	 	 	[image: $$\checkmark$$]
	[image: $$\checkmark$$]
	[image: $$\checkmark$$]
	[image: $$\checkmark$$]
	 
	[25]
	Gonzalez et al.
	2012
	Prosthesis
	Upper
	[image: $$\checkmark$$]
	 	 	[image: $$\checkmark$$]
	[image: $$\checkmark$$]
	[image: $$\checkmark$$]
	[image: $$\checkmark$$]
	 
	[26]
	Guggenberger et al.
	2020
	Exoskeleton
	Upper
	[image: $$\checkmark$$]
	 	 	 	 	 	 	 
	[27]
	Zhang et al.
	2015
	Prosthesis
	Upper
	[image: $$\checkmark$$]
	 	 	 	 	 	 	 
	[28]
	Bequette et al.
	2018
	Exoskeleton
	Lower
	[image: $$\checkmark$$]
	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[29]
	Connan et al.
	2016
	Prosthesis
	Upper
	[image: $$\checkmark$$]
	 	 	 	 	 	 	 
	[30]
	Crea et al.
	2017
	Prosthesis
	Lower
	[image: $$\checkmark$$]
	 	 	 	 	 	 	 
	[31]
	Karacan et al.
	2020
	Exoskeleton
	Lower
	[image: $$\checkmark$$]
	 	 	 	 	 	 	 
	[32]
	Kinne et al.
	2020
	Exoskeleton
	Lower
	[image: $$\checkmark$$]
	 	 	 	 	 	 	 
	[33]
	Knaepen et al.
	2015
	Prosthesis
	Lower
	[image: $$\checkmark$$]
	[image: $$\checkmark$$]
	 	[image: $$\checkmark$$]
	[image: $$\checkmark$$]
	[image: $$\checkmark$$]
	 	 
	[34]
	Lambelet et al.
	2020
	Exoskeleton
	Upper
	[image: $$\checkmark$$]
	 	 	 	 	 	 	 
	[35]
	Markovic et al.
	2018
	Prosthesis
	Upper
	[image: $$\checkmark$$]
	 	 	 	 	 	 	 
	[36]
	Olsen et al.
	2019
	Prosthesis
	Upper
	[image: $$\checkmark$$]
	 	 	 	 	 	 	 
	[37]
	Volkmar et al.
	2019
	Prosthesis
	Upper
	[image: $$\checkmark$$]
	 	 	 	 	 	 	 
	[38]
	Badesa et al.
	2019
	Exoskeleton
	Upper
	[image: $$\checkmark$$]
	 	 	[image: $$\checkmark$$]
	[image: $$\checkmark$$]
	[image: $$\checkmark$$]
	 	 
	[39]
	Badesa et al.
	2020
	Exoskeleton
	Upper
	[image: $$\checkmark$$]
	 	 	 	[image: $$\checkmark$$]
	 	 	 
	[40]
	Bridger et al.
	2018
	Exoskeleton
	Lower
	[image: $$\checkmark$$]
	[image: $$\checkmark$$]
	 	 	[image: $$\checkmark$$]
	 	 	 
	[41]
	Pruziner et al.
	2019
	Prosthesis
	Lower
	[image: $$\checkmark$$]
	 	 	 	 	 	[image: $$\checkmark$$]
	 
	[42]
	Rezazadeh et al.
	2012
	Prosthesis
	Upper
	[image: $$\checkmark$$]
	 	 	 	 	 	[image: $$\checkmark$$]
	 
	[43]
	Shaw et al.
	2019
	Prosthesis
	Lower
	[image: $$\checkmark$$]
	 	 	 	 	 	[image: $$\checkmark$$]
	 
	[44]
	Deeny et al.
	2014
	Prosthesis
	Upper
	[image: $$\checkmark$$]
	 	 	 	 	 	[image: $$\checkmark$$]
	 
	[45]
	Williams et al.
	2006
	Prosthesis
	Lower
	[image: $$\checkmark$$]
	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[46]
	Fasola et al.
	2019
	Exoskeleton
	Lower
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[47]
	Foldes et al.
	2013
	Prosthesis
	Upper
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[48]
	Neuhaus et al.
	2011
	Exoskeleton
	Lower
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[49]
	Raveh et al.
	2018
	Prosthesis
	Upper
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[50]
	Sharma et al.
	2016
	Prosthesis
	Lower
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[51]
	Howard et al.
	2017
	Prosthesis
	Lower
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[52]
	Morgan et al.
	2017
	Prosthesis
	Lower
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[53]
	Phillips et al.
	1991
	Exoskeleton
	Lower
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[54]
	Resnik et al.
	2018
	Prosthesis
	Upper
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[55]
	Yamada et al.
	2016
	Prosthesis
	Upper
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[56]
	D’Anna et al.
	2019
	Prosthesis
	Upper
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[57]
	Matulevich et al.
	2014
	Prosthesis
	Upper
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[58]
	Stepp et al.
	2012
	Prosthesis
	Upper
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[59]
	Valle et al.
	2020
	Prosthesis
	Upper
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[60]
	Aboseria et al.
	2018
	Prosthesis
	Upper
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[61]
	Brown et al.
	2011
	Prosthesis
	Upper
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[62]
	Geurts et al.
	1991
	Prosthesis
	Lower
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[63]
	Ray et al.
	2018
	Prosthesis
	Upper
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[65]
	Hunter et al.
	2018
	Prosthesis
	Lower
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[66]
	Hunter et al.
	2018
	Prosthesis
	Lower
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[67]
	Frengopoulos et al.
	2018
	Prosthesis
	Lower
	 	[image: $$\checkmark$$]
	 	 	 	 	 	 
	[69]
	Zhang et al.
	2016
	Prosthesis
	Upper
	 	 	[image: $$\checkmark$$]
	 	 	 	 	 
	[70]
	White et al.
	2017
	Prosthesis
	Upper
	 	 	[image: $$\checkmark$$]
	 	 	 	 	 
	[71]
	Zahabi et al.
	2019
	Prosthesis
	Upper
	 	 	[image: $$\checkmark$$]
	 	 	 	 	[image: $$\checkmark$$]

	[72]
	Lindner et al.
	2020
	Prosthesis
	Upper
	 	 	[image: $$\checkmark$$]
	 	 	 	 	 
	[80]
	Moller et al.
	2019
	Prosthesis
	Lower
	 	 	 	 	 	 	[image: $$\checkmark$$]
	 
	[81]
	Moller et al.
	2020
	Prosthesis
	Lower
	 	 	 	 	 	 	[image: $$\checkmark$$]
	 
	[82]
	Thomas et al.
	2021
	Prosthesis
	Upper
	 	 	 	 	 	 	[image: $$\checkmark$$]
	 
	[84]
	Swerdloff et al.
	2020
	Prosthesis
	Lower
	 	 	 	 	 	 	[image: $$\checkmark$$]
	 
	[85]
	Petrini et al.
	2019
	Prosthesis
	Lower
	 	 	 	 	 	 	[image: $$\checkmark$$]
	 
	[86]
	Petrini et al.
	2019
	Prosthesis
	Lower
	 	 	 	 	 	 	[image: $$\checkmark$$]
	 
	[90]
	Parr et al.
	2019
	Prosthesis
	Upper
	 	 	 	 	 	 	[image: $$\checkmark$$]
	 
	[91]
	Ortiz et al.
	2020
	Prosthesis
	Upper
	 	 	 	 	 	 	[image: $$\checkmark$$]
	 
	[94]
	Rezazadeh et al.
	2011
	Prosthesis
	Upper
	 	 	 	 	 	 	[image: $$\checkmark$$]
	 




References
	1.
González-Vargas J, Ibáñez J, Contreras-Vidal JL, Van der Kooij H, Pons JL (eds.) Wearable robotics: challenges and trends. Proceedings of the 2nd International Symposium on Wearable Robotics, WeRob2016, 2016, Segovia, Spain. Springer, Cham, 2016.

	2.
Resnik L, Meucci MR, Lieberman-Klinger S, Fantini C, Kelty DL, Disla R, Sasson N. Advanced upper limb prosthetic devices: implications for upper limb prosthetic rehabilitation. Arch Phys Med Rehabil. 2012;93(4):710–7.PubMed

	3.
Bequette B, Norton A, Jones E, Stirling L. Physical and cognitive load effects due to a powered lower-body exoskeleton. Hum Factors. 2020;62(3):411–23.PubMed

	4.
Stassen HG, van Dieten JSMJ, Soede M. On the mental load in relation to the acceptance of arm prostheses. IFAC Proceedings Volumes. 1975;8(1):215–22.

	5.
Young MS, Brookhuis KA, Wickens CD, Hancock PA. State of science: mental workload in ergonomics. Ergonomics. 2015;58(1):1–17.PubMed

	6.
Ayaz H, Shewokis PA, Bunce S, Izzetoglu K, Willems B, Onaral B. Optical brain monitoring for operator training and mental workload assessment. NeuroImage. 2012;59(1):36–47.PubMed

	7.
Charles RL, Nixon J. Measuring mental workload using physiological measures: a systematic review. Elsevier Ltd, 2019.

	8.
Andrew I, Batavia J, Guy SH. Toward the development of consumer-based criteria for the evaluation of assistive devices. J Rehabil Res Dev. 1990;27(4):425.

	9.
Maclean N, Pound P, Wolfe C, Rudd A. A critical review of the concept of patient motivation in the literature on physical rehabilitation. Soc Sci Med. 2000;50(4):495–506.PubMed

	10.
Koenig A, Novak D, Omlin X, Pulfer M, Perreault E, Zimmerli L, Mihelj M, Riener R. Real-time closed-loop control of cognitive load in neurological patients during robot-assisted gait training. IEEE Trans Neural Syst Rehabil Eng. 2011;19(4):453–64.PubMed

	11.
Beckerle P, Salvietti G, Unal R, Prattichizzo D, Rossi S, Castellini C, Hirche S, Endo S, Amor HB, Ciocarlie M, et al. A human-robot interaction perspective on assistive and rehabilitation robotics. Front Neurorobot. 2017;11:24.PubMedPubMedCentral

	12.
Metzger AJ, Dromerick AW, Holley RJ, Lum PS. Characterization of compensatory trunk movements during prosthetic upper limb reaching tasks. Arch Phys Med Rehabil. 2012;93(11):2029–34.PubMed

	13.
Gambrell CR. Overuse syndrome and the unilateral upper limb amputee: consequences and prevention. JPO J Prosthet Orthot. 2008;20(3):126–32.

	14.
Morgan SJ, Hafner BJ, Kelly VE. The effects of a concurrent task on walking in persons with transfemoral amputation compared to persons without limb loss. Prosthet Orthot Int. 2016;40(4):490–6.PubMed

	15.
Miller WC, Speechley M, Deathe B. The prevalence and risk factors of falling and fear of falling among lower extremity amputees. Arch Phys Med Rehabil. 2001;82(8):1031–7.PubMed

	16.
Heller BW, Datta D, Howitt J. A pilot study comparing the cognitive demand of walking for transfemoral amputees using the Intelligent Prosthesis with that using conventionally damped knees. Clin Rehabil. 2000;14(5):518–22.PubMed

	17.
Tao D, Tan H, Wang H, Zhang X, Qu X, Zhang T. A systematic review of physiological measures of mental workload. Int J Environ Res Public Health. 2019;16(15):1–23.

	18.
Lean Y, Shan F. Brief review on physiological and biochemical evaluations of human mental workload. Hum Factors Ergon Manuf. 2012;22(3):177–87.

	19.
Paxion J, Galy E, Berthelon C. Mental workload and driving. Front Psychol. 2014;5(DEC):1–11.

	20.
Park J, Zahabi M. Comparison of cognitive workload assessment techniques in emg-based prosthetic device studies. In: 2020 IEEE International Conference on Systems, Man, and Cybernetics (SMC), pp. 1242–1248, 2020.

	21.
Yuan J, Cline E, Liu M, Huang H, Feng J. Cognitive measures during walking with and without lower-limb prosthesis: protocol for a scoping review. BMJ Open. 2021;11(2):039975.

	22.
Hart SG, Staveland LE. Development of NASA-TLX (Task Load Index): results of empirical and theoretical research. In: Hancock PA, Meshkati N (eds.) Human Mental Workload. Advances in Psychology, 1988;vol. 52, pp. 139–183. North-Holland.

	23.
Hart SG. Nasa-task load index (NASA-TLX); 20 years later. Proceedings of the Human Factors and Ergonomics Society Annual Meeting. 2006;50(9):904–8.

	24.
Gonzalez J, Soma H, Sekine M, Yu W. Auditory display as a prosthetic hand biofeedback. J Med Imaging Health Inf. 2011;1(4):325–33.

	25.
Gonzalez J, Soma H, Sekine M, Yu W. Psycho-physiological assessment of a prosthetic hand sensory feedback system based on an auditory display: a preliminary study. J Neuroeng Rehabil. 2012;9(1):1–14.

	26.
Guggenberger R, Heringhaus M, Gharabaghi A. Brain-machine neurofeedback: robotics or electrical stimulation? Front Bioeng Biotechnol. 2020;8:639.PubMedPubMedCentral

	27.
Zhang D, Xu H, Shull PB, Liu J, Zhu X. Somatotopical feedback versus non-somatotopical feedback for phantom digit sensation on amputees using electrotactile stimulation. J NeuroEng Rehabil. 2015;12(1).

	28.
Bequette B, Norton A, Jones E, Stirling L. The effect of a powered lower-body exoskeleton on physical and cognitive warfighter performance. In: Proceedings of the Human Factors and Ergonomics Society, 2018;vol. 3, pp. 1663–1667. Human Factors and Ergonomics Society Inc.

	29.
Connan M, Ruiz Ramírez E, Vodermayer B, Castellini C. Assessment of a wearable force- and electromyography device and comparison of the related signals for myocontrol. Front Neurorobot. 2016;10:17.PubMedPubMedCentral

	30.
Crea S, Edin BB, Knaepen K, Meeusen R, Vitiello N. Time-discrete vibrotactile feedback contributes to improved gait symmetry in patients with lower limb amputations: case series. Phys Ther. 2017;97(2):198–207.PubMed

	31.
Karacan K, Meyer JT, Bozma HI, Gassert R, Samur E. An Environment Recognition and Parameterization System for Shared-Control of a Powered Lower-Limb Exoskeleton. In: 2020 8th IEEE RAS/EMBS International Conference for Biomedical Robotics and Biomechatronics (BioRob); 2020. pp. 623–628.

	32.
Kinne S, Kretschmer V, Bednorz N. Palletising support in intralogistics: the effect of a passive exoskeleton on workload and task difficulty considering handling and comfort. In: Human Systems Engineering and Design II, Springer: Cham; 2020. pp. 273–279.

	33.
Knaepen K, Marusic U, Crea S, Rodríguez Guerrero CD, Vitiello N, Pattyn N, Mairesse O, Lefeber D, Meeusen R. Psychophysiological response to cognitive workload during symmetrical, asymmetrical and dual-task walking. Hum Mov Sci. 2015;40:248–63.PubMed

	34.
Lambelet C, Temiraliuly D, Siegenthaler M, Wirth M, Woolley DG, Lambercy O, Gassert R, Wenderoth N. Characterization and wearability evaluation of a fully portable wrist exoskeleton for unsupervised training after stroke. J Neuroeng Rehabil. 2020;17(1):132.PubMedPubMedCentral

	35.
Markovic M, Schweisfurth MA, Engels LF, Bentz T, Wüstefeld D, Farina D, Dosen S. The clinical relevance of advanced artificial feedback in the control of a multi-functional myoelectric prosthesis. J Neuroeng Rehabil. 2018;15(1):28.PubMedPubMedCentral

	36.
Olsen NR, George JA, Brinton MR, Paskett MD, Kluger DT, Tully TN, Duncan CC, Clark GA. An adaptable prosthetic wrist reduces subjective workload. bioRxiv. 2019.

	37.
Volkmar R, Dosen S, Gonzalez-Vargas J, Baum M, Markovic M. Improving bimanual interaction with a prosthesis using semi-autonomous control. J NeuroEng Rehabil. 2019;16(1).

	38.
Badesa FJ, Diez JA, Catalan JM, Trigili E, Cordella F, Nann M, Crea S, Soekadar SR, Zollo L, Vitiello N, Garcia-Aracil N. Physiological responses during hybrid BNCI control of an upper-limb exoskeleton. Sensors. 2019;19(22):4931.PubMedCentral

	39.
Badesa FJ, Diez JA, Barios JA, Catalan JM, Garcia-Aracil N. Evaluation of performance and heart rate variability during intensive usage of a BCI-controlled hand exoskeleton. In: 2020 8th IEEE RAS/EMBS International Conference for Biomedical Robotics and Biomechatronics (BioRob); 2020. pp. 164–169.

	40.
Bridger RS, Ashford AI, Wattie S, Dobson K, Fisher I, Pisula PJ. Sustained attention when squatting with and without an exoskeleton for the lower limbs. Int J Ind Ergon. 2018;66:230–9.

	41.
Pruziner AL, Shaw EP, Rietschel JC, Hendershot BD, Miller MW, Wolf EJ, Hatfield BD, Dearth CL, Gentili RJ. Biomechanical and neurocognitive performance outcomes of walking with transtibial limb loss while challenged by a concurrent task. Exp Brain Res. 2019;237(2):477–91.PubMed

	42.
Rezazadeh IM, Firoozabadi M, Hu H, Golpayegani SMRH. Co-adaptive and affective human-machine interface for improving training performances of virtual myoelectric forearm prosthesis. IEEE Trans Affect Comput. 2012;3(3):285–97.

	43.
Shaw EP, Rietschel JC, Hendershot BD, Pruziner AL, Wolf EJ, Dearth CL, Miller MW, Hatfield BD, Gentili RJ. A comparison of mental workload in individuals with transtibial and transfemoral lower limb loss during dual-task walking under varying demand. J Int Neuropsychol Soc. 2019;25(9):985–97.PubMed

	44.
Deeny S, Chicoine C, Hargrove L, Parrish T, Jayaraman A. A simple ERP method for quantitative analysis of cognitive workload in myoelectric prosthesis control and human-machine interaction. PLoS ONE. 2014;9(11).

	45.
Williams RM, Turner AP, Orendurff M, Segal AD, Klute GK, Pecoraro J, Czerniecki J. Does having a computerized prosthetic knee influence cognitive performance during amputee walking? Arch Phys Med Rehabil. 2006;87(7):989–94.PubMed

	46.
Fasola J, Vouga T, Baud R, Bleuler H, Bouri M. Balance control strategies during standing in a locked-ankle passive exoskeleton. In: 2019 IEEE 16th International Conference on Rehabilitation Robotics (ICORR), 2019. pp. 593–598.

	47.
Foldes ST, Taylor DM. Speaking and cognitive distractions during EEG-based brain control of a virtual neuroprosthesis-arm. J NeuroEng Rehabil. 2013;10(1).

	48.
Neuhaus PD, Noorden JH, Craig TJ, Torres T, Kirschbaum J, Pratt JE. Design and evaluation of Mina: a robotic orthosis for paraplegics. In: IEEE International Conference on Rehabilitation Robotics; 2011.

	49.
Raveh E, Friedman J, Portnoy S. Evaluation of the effects of adding vibrotactile feedback to myoelectric prosthesis users on performance and visual attention in a dual-task paradigm. Clin Rehabil. 2018;32(10):1308–16.PubMed

	50.
Sharma A, Leineweber MJ, Andrysek J. Effects of cognitive load and prosthetic liner on volitional response times to vibrotactile feedback. J Rehabil Res Dev. 2016;53(4):473–82.PubMed

	51.
Howard CL, Wallace C, Abbas J, Stokic DS. Residual standard deviation: validation of a new measure of dual-task cost in below-knee prosthesis users. Gait Posture. 2017;51:91–6.PubMed

	52.
Morgan SJ, Hafner BJ, Kelly VE. Dual-task walking over a compliant foam surface: a comparison of people with transfemoral amputation and controls. Gait Posture. 2017;58:41–5.PubMed

	53.
Phillips CA, Koubek RJ, Hendershot DM. Walking while using a sensory tactile feedback system: potential use with a functional electrical stimulation orthosis. 1991;13(2):91–6.

	54.
Resnik L, Huang HH, Winslow A, Crouch DL, Zhang F, Wolk N. Evaluation of EMG pattern recognition for upper limb prosthesis control: A case study in comparison with direct myoelectric control. J NeuroEng Rehabil. 2018;15(1).

	55.
Yamada H, Yamanoi Y, Wakita K, Kato R. Investigation of a cognitive strain on hand grasping induced by sensory feedback for myoelectric hand. In: 2016 IEEE International Conference on Robotics and Automation (ICRA), 2016. pp. 3549–3554. Institute of Electrical and Electronics Engineers Inc.

	56.
D’Anna E, Valle G, Mazzoni A, Strauss I, Iberite F, Patton J, Petrini FM, Raspopovic S, Granata G, Iorio RD, Controzzi M, Cipriani C, Stieglitz T, Rossini PM, Micera S. A closed-loop hand prosthesis with simultaneous intraneural tactile and position feedback. Sci Robot. 2019;4(27).

	57.
Matulevich B, Pandit V, Lin C-H, Loeb GE, Fishel JA. Low-cost, compliant contact sensor for fragile grasping with reduced cognitive load. Myoelectric Controls Symposium. 2014;1–4.

	58.
Stepp CE, Matsuoka Y. Vibrotactile sensory substitution for object manipulation: amplitude versus pulse train frequency modulation. IEEE Trans Neural Syst Rehabil Eng. 2012;20(1):31–7.PubMed

	59.
Valle G, D’Anna E, Strauss I, Clemente F, Granata G, Di Iorio R, Controzzi M, Stieglitz T, Rossini PM, Petrini FM, Micera S. Hand control with invasive feedback is not impaired by increased cognitive load. Front Bioeng Biotechnol. 2020;8(April):1–7.

	60.
Aboseria M, Clemente F, Engels LF, Cipriani C. Discrete vibro-tactile feedback prevents object slippage in hand prostheses more intuitively than other modalities. IEEE Trans Neural Syst Rehabil Eng. 2018;26(8):1577–84.PubMed

	61.
Brown JD, Gillespie RB. The effect of force/motion coupling on motor and cognitive performance. In: 2011 IEEE World Haptics Conference, WHC 2011. pp. 197–202.

	62.
Geurts ACH, Mulder TW, Nienhuis B, Rijken RAJ. Dual-task assessment of reorganization of postural control in persons with lower limb amputation. Arch Phys Med Rehabil. 1991;72(13):1059–64.PubMed

	63.
Ray Z, Engeberg ED. Human-inspired reflex to autonomously prevent slip of grasped objects rotated with a prosthetic hand. J Healthcare Eng. 2018; (2018).

	64.
Pellecchia GL. Postural sway increases with attentional demands of concurrent cognitive task. Gait & Posture. 2003;18(1):29–34.

	65.
Hunter SW, Frengopoulos C, Holmes J, Viana R, Payne MW. Determining reliability of a dual-task functional mobility protocol for individuals with lower extremity amputation. Arch Phys Med Rehabil. 2018;99(4):707–12.PubMed

	66.
Hunter SW, Frengopoulos C, Holmes J, Viana R, Payne MWC. Dual-task related gait changes in individuals with trans-tibial lower extremity amputation. Gait Posture. 2018;61:403–7.PubMed

	67.
Frengopoulos C, Payne MWC, Holmes JD, Viana R, Hunter SW. Comparing the Effects of Dual-Task Gait Testing in New and Established Ambulators With Lower Extremity Amputations. PM and R. 2018;10(10):1012–9.

	68.
Eckstein MK, Guerra-Carrillo B, Singley ATM, Bunge SA. Beyond eye gaze: what else can eyetracking reveal about cognition and cognitive development? Dev Cogn Neurosci. 2017;25:69–91.PubMed

	69.
Zhang W, White M, Zahabi M, Winslow AT, Zhang F, Huang H, Kaber D. Cognitive workload in conventional direct control vs. pattern recognition control of an upper-limb prosthesis. 2016 IEEE International Conference on Systems, Man, and Cybernetics, SMC 2016—Conference Proceedings, 2016. 2335–2340.

	70.
White MM, Zhang W, Winslow AT, Zahabi M, Zhang F, Huang H, Kaber DB. Usability comparison of conventional direct control versus pattern recognition control of transradial prostheses. IEEE Trans Hum-Mach Syst. 2017;47(6):1146–57.

	71.
Zahabi M, White MM, Zhang W, Winslow AT, Zhang F, Huang H, Kaber DB. Application of cognitive task performance modeling for assessing usability of transradial prostheses. IEEE Trans Hum-Mach Syst. 2019;49(4):381–7.

	72.
Lindner H, Hill W, Hermansson LN, Lilienthal AJ. Cognitive load in learning to use a multi-function hand. In: MEC20 Symposium Proceedings. University of New Brunswick, 2020.

	73.
Collet C, Averty P, Dittmar A. Autonomic nervous system and subjective ratings of strain in air-traffic control. Appl Ergon. 2009;40(1):23–32.PubMed

	74.
Mehler B, Reimer B, Coughlin JF, Dusek JA. Impact of incremental increases in cognitive workload on physiological arousal and performance in young adult drivers. Transp Res Rec. 2009;2138(1):6–12.

	75.
de Swart JH, Das-Smaal EA. Relationship between SCR, heart rate and information processing. Biol Psychol. 1976;4(1):41–9.PubMed

	76.
Ohsuga M, Shimono F, Genno H. Assessment of phasic work stress using autonomic indices. Int J Psychophysiol. 2001;40(3):211–20.PubMed

	77.
Rivecourt MD, Kuperus MN, Post WJ, Mulder LJM. Cardiovascular and eye activity measures as indices for momentary changes in mental effort during simulated flight. Ergonomics. 2008;51(9):1295–319.PubMed

	78.
Forte G, Casagrande M. Heart rate variability and cognitive function: a systematic review. Front Neurosci. 2019;13:710.PubMedPubMedCentral

	79.
Ferrari M, Quaresima V. A brief review on the history of human functional near-infrared spectroscopy (fnirs) development and fields of application. Neuroimage. 2012;63(2):921–35.PubMed

	80.
Müller S, Rusaw D, Hagberg K, Ramstrand N. Reduced cortical brain activity with the use of microprocessor-controlled prosthetic knees during walking. Prosthet Orthot Int. 2019;43(3):257–65.

	81.
Möller S, Ramstrand N, Hagberg K, Rusaw D. Cortical brain activity in transfemoral or knee-disarticulation prosthesis users performing single- and dual-task walking activities. J Rehabil Assistive Technol Eng. 2020;7:205566832096410.

	82.
Thomas N, Ung G, Ayaz H, Brown JD. Neurophysiological evaluation of haptic feedback for myoelectric prostheses. IEEE Trans Hum-Mach Syst. 2021;51(3):253–64.

	83.
Miller MW, Rietschel JC, McDonald CG, Hatfield BD. A novel approach to the physiological measurement of mental workload. Int J Psychophysiol. 2011;80(1):75–8.PubMed

	84.
Swerdloff MM, Hargrove LJ. Quantifying Cognitive Load using EEG during Ambulation and Postural Tasks. In: 2020 42nd Annual International Conference of the IEEE Engineering in Medicine Biology Society (EMBC); 2020. vol. 2020-July, pp. 2849–2852. Institute of Electrical and Electronics Engineers Inc.

	85.
Petrini FM, Valle G, Bumbasirevic M, Barberi F, Bortolotti D, Cvancara P, Hiairrassary A, Mijovic P, Sverrisson AÖ, Pedrocchi A, Divoux JL, Popovic I, Lechler K, Mijovic B, Guiraud D, Stieglitz T, Alexandersson A, Micera S, Lesic A, Raspopovic S. Enhancing functional abilities and cognitive integration of the lower limb prosthesis. Sci Trans Med. 2019;11(512).

	86.
Petrini FM, Bumbasirevic M, Valle G, Ilic V, Mijović P, Čvančara P, Barberi F, Katic N, Bortolotti D, Andreu D, Lechler K, Lesic A, Mazic S, Mijović B, Guiraud D, Stieglitz T, Alexandersson A, Micera S, Raspopovic S. Sensory feedback restoration in leg amputees improves walking speed, metabolic cost and phantom pain. Nat Med. 2019;25(9):1356–63.PubMed

	87.
Knyazev GG. Motivation, emotion, and their inhibitory control mirrored in brain oscillations. Neurosci Biobehavioral Rev. 2007;31(3):377–95.

	88.
Cavanagh JF, Frank MJ. Frontal theta as a mechanism for cognitive control. Trends Cogn Sci. 2014;18(8):414–21.PubMedPubMedCentral

	89.
Klimesch W. Eeg alpha and theta oscillations reflect cognitive and memory performance: a review and analysis. Brain Res Rev. 1999;29(2):169–95.PubMed

	90.
Parr JVV, Vine SJ, Wilson MR, Harrison NR, Wood G. Visual attention, EEG alpha power and T7-Fz connectivity are implicated in prosthetic hand control and can be optimized through gaze training. J Neuroeng Rehabil. 2019;16(1):1–20.

	91.
Ortiz O, Kuruganti U, Blustein D. A Platform to assess brain dynamics reflective of cognitive load during prosthesis use. In: MEC20 Symposium Proceedings; 2020.

	92.
Holm A, Lukander K, Korpela J, Sallinen M, Müller KMI. Estimating brain load from the EEG. Sci World J. 2009;9:639–51.

	93.
Zarjam P, Epps J, Chen F, Lovell NH. Estimating cognitive workload using wavelet entropy-based features during an arithmetic task. Comput Biol Med. 2013;43(12):2186–95.PubMed

	94.
Rezazadeh IM, Firoozabadi S, Golpayegani SH, Hu H. Controlling a virtual forehand prosthesis using an adaptive and affective Human-Machine Interface. In: Proceedings of the Annual International Conference of the IEEE Engineering in Medicine and Biology Society, EMBS, 2011. pp. 4128–4131.

	95.
Van Acker BB, Parmentier DD, Vlerick P, Saldien J. Understanding mental workload: from a clarifying concept analysis toward an implementable framework. Cogn, Technol Work. 2018;20(3):351–65.

	96.
Mellalieu S, Jones C, Wagstaff C, Kemp S, Cross MJ. Measuring psychological load in sport. Int J Sports Med. 2021.



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/12984_2021_953_Article_TeX_IEq87.png





OEBPS/images/12984_2021_953_Article_TeX_IEq88.png





OEBPS/images/12984_2021_953_Article_TeX_IEq85.png





OEBPS/images/12984_2021_953_Article_TeX_IEq86.png





OEBPS/images/12984_2021_953_Article_TeX_IEq89.png





OEBPS/images/12984_2021_953_Article_TeX_IEq80.png





OEBPS/images/12984_2021_953_Article_TeX_IEq83.png





OEBPS/images/12984_2021_953_Article_TeX_IEq84.png





OEBPS/css/sidebar.gif





OEBPS/images/12984_2021_953_Article_TeX_IEq81.png





OEBPS/images/12984_2021_953_Article_TeX_IEq82.png





OEBPS/navigation.xhtml

    
      Contents


      
        		Measuring mental workload in assistive wearable devices: a review


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/12984_2021_953_Article_TeX_IEq10.png





OEBPS/images/12984_2021_953_Article_TeX_IEq11.png





OEBPS/images/12984_2021_953_Article_TeX_IEq14.png





OEBPS/images/12984_2021_953_Article_TeX_IEq15.png





OEBPS/images/12984_2021_953_Article_TeX_IEq12.png





OEBPS/images/12984_2021_953_Article_TeX_IEq13.png





OEBPS/images/12984_2021_953_Article_TeX_IEq90.png





OEBPS/images/12984_2021_953_Article_TeX_IEq91.png





OEBPS/images/12984_2021_953_Article_TeX_IEq94.png





OEBPS/images/12984_2021_953_Article_TeX_IEq92.png





OEBPS/images/12984_2021_953_Article_TeX_IEq93.png





OEBPS/images/12984_2021_953_Fig2_HTML.png
SOTPNYS JO IdqUINN





OEBPS/images/12984_2021_953_Article_TeX_IEq3.png





OEBPS/images/12984_2021_953_Article_TeX_IEq4.png





OEBPS/images/12984_2021_953_Article_TeX_IEq5.png





OEBPS/images/12984_2021_953_Article_TeX_IEq6.png





OEBPS/images/12984_2021_953_Article_TeX_IEq7.png





OEBPS/images/12984_2021_953_Article_TeX_IEq8.png





OEBPS/images/12984_2021_953_Article_TeX_IEq9.png





OEBPS/images/12984_2021_953_Article_TeX_IEq18.png





OEBPS/images/12984_2021_953_Article_TeX_IEq19.png





OEBPS/images/12984_2021_953_Article_TeX_IEq16.png





OEBPS/images/12984_2021_953_Article_TeX_IEq17.png





OEBPS/images/12984_2021_953_Article_TeX_IEq1.png





OEBPS/images/12984_2021_953_Article_TeX_IEq2.png





OEBPS/images/12984_2021_953_Article_TeX_IEq21.png





OEBPS/images/12984_2021_953_Article_TeX_IEq22.png





OEBPS/images/12984_2021_953_Article_TeX_IEq20.png





OEBPS/images/12984_2021_953_Article_TeX_IEq25.png





OEBPS/images/12984_2021_953_Fig3_HTML.png
O 0 OO0m

Feedback validation
Control validation
Training validation
Device validation

Method validation

Mental workload
characterization





OEBPS/images/12984_2021_953_Article_TeX_IEq26.png





OEBPS/images/12984_2021_953_Article_TeX_IEq23.png





OEBPS/images/12984_2021_953_Article_TeX_IEq24.png





OEBPS/images/12984_2021_953_Article_TeX_IEq29.png





OEBPS/images/12984_2021_953_Article_TeX_IEq27.png





OEBPS/images/12984_2021_953_Article_TeX_IEq28.png





OEBPS/images/12984_2021_953_Article_TeX_IEq32.png





OEBPS/images/12984_2021_953_Article_TeX_IEq33.png





OEBPS/images/12984_2021_953_Article_TeX_IEq30.png





OEBPS/images/12984_2021_953_Article_TeX_IEq31.png





OEBPS/images/12984_2021_953_Article_TeX_IEq36.png





OEBPS/images/12984_2021_953_Article_TeX_IEq37.png





OEBPS/images/12984_2021_953_Article_TeX_IEq34.png





OEBPS/images/12984_2021_953_Article_TeX_IEq35.png





OEBPS/images/12984_2021_953_Article_TeX_IEq38.png





OEBPS/images/12984_2021_953_Article_TeX_IEq39.png





OEBPS/images/12984_2021_953_Article_TeX_IEq43.png





OEBPS/images/12984_2021_953_Article_TeX_IEq44.png





OEBPS/images/12984_2021_953_Article_TeX_IEq41.png





OEBPS/images/12984_2021_953_Article_TeX_IEq42.png





OEBPS/images/12984_2021_953_Article_TeX_IEq47.png





OEBPS/images/12984_2021_953_Article_TeX_IEq48.png





OEBPS/images/12984_2021_953_Article_TeX_IEq45.png





OEBPS/images/12984_2021_953_Article_TeX_IEq46.png





OEBPS/images/12984_2021_953_Article_TeX_IEq40.png





OEBPS/images/12984_2021_953_Article_TeX_IEq49.png





OEBPS/images/12984_2021_953_Article_TeX_IEq54.png





OEBPS/images/12984_2021_953_Article_TeX_IEq55.png





OEBPS/images/12984_2021_953_Article_TeX_IEq52.png





OEBPS/images/12984_2021_953_Article_TeX_IEq53.png





OEBPS/images/12984_2021_953_Article_TeX_IEq58.png





OEBPS/css/envelope.png





OEBPS/images/12984_2021_953_Article_TeX_IEq59.png





OEBPS/images/12984_2021_953_Article_TeX_IEq56.png





OEBPS/images/12984_2021_953_Article_TeX_IEq57.png





OEBPS/images/12984_2021_953_Article_TeX_IEq50.png





OEBPS/images/12984_2021_953_Article_TeX_IEq51.png





OEBPS/images/12984_2021_953_Article_TeX_IEq65.png





OEBPS/images/12984_2021_953_Article_TeX_IEq66.png





OEBPS/images/12984_2021_953_Article_TeX_IEq63.png





OEBPS/images/12984_2021_953_Article_TeX_IEq64.png





OEBPS/images/12984_2021_953_Article_TeX_IEq69.png





OEBPS/images/12984_2021_953_Article_TeX_IEq67.png





OEBPS/images/12984_2021_953_Article_TeX_IEq68.png





OEBPS/images/12984_2021_953_Article_TeX_IEq61.png





OEBPS/images/12984_2021_953_Article_TeX_IEq62.png





OEBPS/images/12984_2021_953_Article_TeX_IEq60.png





OEBPS/images/12984_2021_953_Fig1_HTML.png
% of studies

= [ Dual-task paradigms
[] [ Subjective ratings
40 O Physiological measures
5] Cognitive modeling
30 [
20 [
10 [ H
0 117 -
N & > X LS Q .
% ,;&60 & P P N
> & % e & &
‘QQ .4® QJ%'Q &
& & &
> &
3 P






OEBPS/images/12984_2021_953_Fig4_HTML.png
Prostheses Exoskeletons





OEBPS/images/12984_2021_953_Article_TeX_IEq76.png





OEBPS/images/12984_2021_953_Article_TeX_IEq77.png





OEBPS/images/12984_2021_953_Article_TeX_IEq74.png





OEBPS/images/12984_2021_953_Article_TeX_IEq75.png





OEBPS/images/12984_2021_953_Article_TeX_IEq78.png





OEBPS/images/12984_2021_953_Article_TeX_IEq79.png





OEBPS/images/12984_2021_953_Article_TeX_IEq72.png





OEBPS/images/12984_2021_953_Article_TeX_IEq73.png





OEBPS/images/12984_2021_953_Article_TeX_IEq70.png





OEBPS/images/12984_2021_953_Article_TeX_IEq71.png





