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Abstract

:

Current training methods show advances in simulation technologies; however, most of them fail to account for changes in the physical or mental state of the trainee. An innovative training method, adaptive to the trainee’s stress levels as measured by grip force, is described and inspected. It is compared with two standard training methods that ignore the trainee’s state, either leaving the task’s level of difficulty constant or increasing it over time. Fifty-two participants, divided into three test groups, performed a psychomotor training task. The performance level of the stress-adaptive group was higher than for both control groups, with a main effect of t = −2.12 (p = 0.039), while the training time was shorter than both control groups, with a main effect of t = 3.27 (p = 0.002). These results indicate that stress-adaptive training has the potential to improve training outcomes. Moreover, these results imply that grip force measurement has practical applications. Future studies may aid in the development of this training method and its outcomes.
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1. Introduction



“Natural Selection acts by the simple preservation of those individuals which are best adapted to the complex contingencies to which all are related.”



Charles Darwin [1].





Psychomotor control is the process in which cognitive processes are used for controlling and coordinating the muscles and limbs involved in the performance of motor skills [2]. Psychomotor skills are of paramount importance in various fields such as military [3], medical [4], industrial [5], aviation [6], and more. Acquisition of psychomotor skills can be achieved by simulation training, a process through which actions are imitated and exercised in controlled environments with the intention of applying the skills to real-life scenarios [7]. However, simulator training time is still very expensive and in some cases is a rare commodity which must derive the most benefit possible with minimal use of special resources [8,9,10]. State-of-the-art innovative methods are applied to simulators in various fields in order to improve learning and training [11,12,13]. In the current research we propose an innovative training method that can improve the training process with optimal use of the resources, namely Stress-Adaptive Training (SAT).



Adaptive training is a form of training in which the task varies as a function of a certain feature or state of the trainee. Performance was the initial feature that triggered adaptability in training [14]. The notion of adaptive training is based on the assumption that a demanding task can be learnt more efficiently if it is presented throughout training at a level of complexity that is optimally matched to each individual’s current proficiency. However, performance-based adaptive training does not always capture all the individual’s relevant aspects that impact learning [14]. In a meta-analysis of 22 studies, performance-adaptive training was found to have a significant benefit of 32% on learning rate and transfer effectiveness was improved compared with fixed or increasing difficulty training methods [15].



Self-controlled task difficulty is a simple method of adjusting the training complexity to the state of the trainee. It was found to have a positive effect on training under certain conditions [15]. In this type of training, the trainee has the option to self-manage the workload related to the process during training, which increases the efficiency of learning. However, this freedom of choice yields another source of load on the trainee which has been found to overshadow the benefits of the method [16]. The need for taking into account the cognitive state of the trainee has been acknowledged in recent years [14,17]. Recently, there have been few attempts to realize workload-adaptive training systems [18,19]. However, considering workload in adaptive training may not reach its full potential. In order to adjust adaptive training to complicated tasks, it is required to investigate one of the factors affecting performance, namely the stress level of the trainee [14,20].



Stress is defined as “… a real or interpreted threat to the physiological or psychological integrity of an individual that results in physiological and/or behavioral responses”. [21] It has numerous effects on human capacities, including attention, memory, and performance [22]. Psychomotor performance tends to be degraded by stressful conditions, including in simulator training [23,24]. However, some findings show that under certain conditions, psychomotor performance may not be affected by stress, especially when the task is well-learned [25,26]. On the other end of the scale, extremely low stress, alternatively defined as “understimulation”, is thought to impair the ability of the person to maintain a wakeful state [27]. A concept that captures both ends of the phenomenon is the well-known inverted U, which argues that as stress levels increase, performance improves, up to a certain point, after which there is a decrease in the individual’s performance [28].



Since stress at its extremely high and extremely low levels may take a toll on performance, which affects training quality, it is of immense value to be able to recognize these situations and counteract them in real-time [20]. The measurement of stress intensity in real-time is typically performed using physiological measurements of manifestations of the sympathetic nervous system [29], such as maximal heart rate (HR) [30], power spectra in specific frequency bands of the heart rate variability (HRV) signal [31], galvanic skin response (GSR) [32], eye-related measures [33], and cortisol levels [34]. However, the aforementioned measures suffer from several practical disadvantages. GSR, HR, and HRV measurements require connections to external sensors that may interfere with task performance [35] and may even be considered obtrusive [36]. These measures also suffer from measurement latency, which is the time gap between the stressful event and the observed response [37,38,39,40].



At this point, it should be noted that many simulators and trainers of psychomotor tasks include some kind of joystick, a computer mouse, or some other handheld human-machine interface used for executing the task. Therefore, monitoring the intensity of a trainee’s hand grip could be a useful method of stress measurement. Wagner et al. [41] examined the feasibility of grip force as a measure of stress in a simulator tracking tasks. Grip force was higher in the stress manipulation presence, showing an equivalent pattern to GSR and self-reported stress. This study provided initial evidence to the ability to distinguish between stressful and non-stressful conditions in physical tracking tasks by measuring the grip force. Botzer et al. [42] recently showed that stress can be detected within 5 seconds through grip force measurement in a simulator. In our previous work [43] we confirmed that grip force is a valid measure of stress by comparing it to heart rate variability indices of stress and by associating both grip force and HRV measures with several intensities of stressful driving events. Additionally, we found that a two-second time window was sufficient for recognizing the stressful events.



In the current research we aim to investigate the usefulness of a stress adaptive psychomotor training system, which utilizes grip force as a measure of stress. Grip force’s covertness and rapid responsiveness are expected to enable this training system to continuously adjust to trainees’ stress and thus to improve training efficiency. Our hypotheses are:



H1. 

Learning rate in the stress-adaptive group will be higher than in the control groups.





H2. 

Performance level will be higher in the stress-adaptive group than in the control groups.






2. Materials and Methods


2.1. Participants


A total of n = 70 undergraduate university students volunteered to participate in this study, in return for credits. Of these 70 volunteers, full data were received from 52 participants only due to missing values caused by instability in data collection. All participants had normal or corrected-to-normal vision. Participants’ age ranged between 22 and 29 years (mean 24.79, S.D. 1.6), while 56% of the participants were female. Of all participants, 46% reported having no previous experience in video or in computer games, 50% reported having some experience, and 4% reported having a lot of experience; 11% of the participants reported being left-handed.




2.2. Ethical Committee


The study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Ethics Committee of Ariel University (protocol code AU-ENG-MW-20201110 10 November 2020). Informed consent was obtained from all subjects involved in the study.




2.3. Device


2.3.1. Sensors


A self-developed grip force measurement system was used, similar to the grip force measurement systems that were used and validated by us previously [41,42,43], utilizing two “Adafruit Learning Technologies®” force sensitive resistor (FSR) sensors attached to both sides of a symmetrical stationary handhold (to fit operation of both left-handed and right-handed participants), and sampled by an Arduino UNO R3 board. Sampling rate was set to 20 Hz.



Participants were not told that the grip force was measured. Additionally, the grip force sensors were covered with fabric and concealed from the participants’ view or touch, and the entire handhold was installed inside an opaque box with a hand hole in order to avoid intentional bias as a result of participant’s awareness of the measurement of grip force (see Figure 1). In order to validate stress measurement and calculation according to grip force, we measured participants’ HR using an Empatica E4 wristband placed on the non-dominant hand [44], with a sampling rate of 64 Hz. The measurement of HR is characterized by a latency of tens of seconds in the measurement [29], especially when measured on the wrist. However, the current use was not affected by such delays, since the HR was aggregated for each participant using data covering 30 min. This validation is specified in Appendix A.




2.3.2. Psychomotor Task


A two-dimensional Asteroids computer game (downloaded from: https://github.com/aminb/asteroids (accessed on 14 January 2018), see Figure 2) was altered so that it would have 3 possible conditions: constant difficulty level (hereby referred to as “control-constant”), difficulty level that increases with time (hereby referred to as “control-time”), and difficulty level that varies according to the stress level calculated from the grip force (hereby referred to as “stress-adaptive”). Of the valid 52 participants, 41% were in the “stress-adaptive” condition, 31% were in the “control-constant” condition and 28% in the “control-time” condition.



The game was operated by a static operation handle (see Figure 1) with a 4-way control on its top (OTTO’s T4-T) and a trigger control on its frontal surface (OTTO’s U2-025), by the participant’s dominant hand.



In the “Asteroids” game, the operator controls a “spacecraft” that can move forward, turn right or left and shoot (in the direction of its heading). In addition, asteroids appear and move in different bearings and velocities. An encounter of the spacecraft with an asteroid causes the destruction of the spacecraft. To avoid such encounters, the operator can either move the spacecraft or shoot at the asteroids (the latter also entitles the participant to game points). After three encounters between the spacecraft and the asteroids, the game is over. The goal, as the participants were instructed, was to gain the maximal number of points in the game during each experiment session.



Difficulty level was defined as the asteroids’ velocity in a continuous mode (pixel per second, hereby p/s). In the control-constant condition, a constant mid-level velocity (30 p/s) was applied for all asteroids. In the control-time condition, the asteroids’ velocity increased as the game advances (every 5 s the speed increased by 2 p/s). In the stress-adaptive condition, the asteroids’ speed was regulated continuously according to the participant’s current stress level. The stress level was calculated according to the measured grip force on the stationary handhold, using the method described by Wagner et al. [41], adjusted for real-time situations as specified in Equation (1):


  S =   C G F − S M A   S M S D    



(1)




where S represents the calculated current stress level of the participant, CGF is the current grip force measured value, SMA is the simple moving average of grip force (up to 40 min, as specified in Equation (2)), and SMSD is the simple moving standard deviation of grip force (up to 40 min), as specified in Equation (3).


  S M A =   G  F t  + G  F  t + 1   + … + G  F  t + n    n   



(2)




where SMA represents the simple moving average of grip force, GFt is the grip force measured at a time point (t), GFt+1 is the grip force measured at the next measurement (after 0.05 s, according to the sampling rate of 20 Hz), and n represents the number of grip force samples obtained during the time period of 40 min (i.e., 48,000 samples, according to the sampling rate of 20 Hz).


  S M S D =        (  G  F t  − S M A  )   2  +    (  G  F  t + 1   − S M A  )   2  + … +    (  G  F  t + n   − S M A  )   2   n     



(3)




where SMSD represents the simple moving standard deviation of grip force, SMA represents the simple moving average of grip force (as specified in Equation (2)), GFt is the grip force measured at a point time (t), GFt+1 is the grip force measured at the next measurement (after 0.05 s, according to the sampling rate of 20 Hz), and n represents the number of grip force samples obtained during the time period of 40 min (i.e., 48,000 samples, according to the sampling rate of 20 Hz).



In the stress-adaptive condition, the calculated stress (according to the grip force, as described in Equation (1)) was used to continuously adjust the task difficulty level: when calculated stress level increased above a certain standard deviation (0.5), the task’s difficulty level was lowered (by 2 p/s), and when the calculated stress level dropped below a certain standard deviation (−0.5), the task’s difficulty level was increased (by 2 p/s).



To provide the stress calculation with enough grip force data at the beginning of a game, an initial phase was defined, in which the asteroids’ velocity was constant (6 p/s). This initial 12 seconds’ phase was applied to all other conditions.



Since the game’s average speed (i.e., the task’s difficulty level) varied in the stress-adaptive condition according to each participant’s stress level as measured by grip force, the game’s average speed was controlled for in the control-constant condition. Controlling for the game’s speed was done beforehand to account for alternative interpretations (e.g., that performance differences between the groups were due to differences in game speed). Controlling for the game’s speed was not possible in the control-time condition since in this condition, by its definition, the speed increased over time and could not be adjusted according to any other parameter.



The process of controlling for the game’s speed in the control-constant condition was performed as follows. First, each participant was randomly assigned to one of four batches (each batch consisted of all 3 conditions: stress-adaptive, control-constant, and control-time). Second, in each batch, the first third of the participants were assigned to the stress-adaptive condition. Third, after these participants completed the procedure, their average game speed was calculated. Fourth, the rest of the participants in the batch were randomly assigned to one of the two control conditions (control-constant or control-time). Fifth, the game speed at the control-constant condition was set according to the previously calculated average game speed (as was calculated for the participants in the stress-adaptive condition in the current batch). The same process was conducted for each batch separately.



The performance level was calculated as the natural logarithm of the cumulative hits (i.e., successful shots at the asteroids) minus 10 times the cumulative loss of lives (i.e., asteroids hitting the spacecraft).





2.4. Procedure


Upon arriving at the laboratory, each participant was briefed by the experiment supervisor, signed the consent form, and filled in a short questionnaire regarding their relevant personal data (i.e., age, gender, and experience in computer/video games).



The supervisor then described the task and the procedure and provided a demonstration to the participant. All participants completed a two-minute training session, followed by three experimental sessions. Each experimental session included a ten-minute task period and was preceded by a two-minute resting period. All training sessions included the constant-level condition solely. It is emphasized that the participants were not told that grip force was measured, and the handhold with the grip force sensors was hidden from sight by its cover.




2.5. Analysis


2.5.1. Required Sample Size


Calculations of the required sample size were done using an R package called “pwr” [45], based on the two Cohen [46] formulas for calculating sample size. The expected effect size was 0.7, according to a meta-analysis of studies concerning training methods [47]. The sample sizes of our experiments were in accordance with the acceptable statistical power for behavioral studies of 0.8 and an acceptable level of significance of 5% [48]. According to this calculation, the required minimum sample size for a single condition is 15, and therefore in the current three-condition setup, the required minimum is 45 participants. Based on this requirement the initial sample size was set at 70 participants to allow for dropout. The final number of participants (n = 52) was eventually sufficient.




2.5.2. Analysis Methods


To compare both physiological indices used (i.e., grip force and HR), the mean of each index was first calculated for each participant, and a Pearson r correlation was calculated between both indices in order to examine the linear correlation between these two sets of data. To compare each of the two dependent variables (i.e., “time to criterion”, and “performance at criterion”) between the three condition groups, a linear mixed models (LMM) analysis was employed. In this method, within-subject correlations are modeled using the covariance structure, built on the variance around the outcome measurement and on the correlations between measurements taken from the same participant [49]. In all analyses the significance level was set to less than 5%.






3. Results


To compare the quality of the training, a criterion for the completion of the training is required. First, the learning curve was calculated for each participant (using the R package ‘findCutoff {KneeArrower}’), as demonstrated in Figure 3.



The level of performance was calculated according to the terms explained to the participants at the training phase. As mentioned, the performance level was calculated as the natural logarithm of the cumulative hits (i.e., successful shots at the asteroids) minus 10 times the cumulative loss of lives (i.e., asteroids hitting the spacecraft). A natural logarithm was applied in order to amplify the shape of the learning curve and thus make it easier to notice the cutoff point. The quality of training was determined as two parameters in accordance with the hypotheses: the time required to achieve the training criterion (Hypothesis H1, the X-axis value of the cutoff point) and the level of performance achieved at the training criterion (Hypothesis H2, the Y-axis value of the cutoff point). Calculations of these cutoff points were performed for all 52 participants, in order to get both parameters of training quality (time to criterion and performance at criterion).



Figure 4 includes a boxplot showing the time to criterion parameter for all participants, divided according to the 3 conditions of the experiment.



From Figure 4, one can notice that the stress-adaptive group showed the shortest required time to achieve the criterion compared with both the control-constant and the control-time. A near-significant effect was found in an LMM analysis for time to criterion F(2,49) = 2.98, p = 0.06. The adjusted R2 squared was 0.07. A significant main effect of the stress-adaptive condition was found: t = −2.12, p = 0.039, which indicates the difference between it and the two control conditions.



Figure 5 shows a boxplot of the performance level at the criterion parameter for all participants, divided according to 3 conditions of the experiment. From Figure 5 one can easily notice that the stress-adaptive group showed a higher performance level achieved at the criterion, compared with both control-constant and control-time. A significant effect was found in an LMM analysis F(2,49) = 5.78, p = 0.006. The adjusted R2 was 0.16. A significant main effect of the stress-adaptive condition was found: t = 3.27, p = 0.002, which indicates the difference between it and the two control conditions.



No significant effects were found for the background factors (i.e., age, gender, and experience in video games), or for the “time to criterion” or the “performance at criterion” variables.



An LMM analysis was conducted to verify the attempt to compare the speed of the game for the stress-adaptive and control-constant conditions. There was no distinct effect of condition on game speed between these two conditions, a finding that validates our efforts to equalize the conditions of these groups. However, a significant effect was found for the control-time, so that the speed of the game was higher in this condition compared with the other two, F(2,49) = 5.78, p = 0.001. Nevertheless, the adjusted R2 was 0.006.




4. Discussion


The aim of this study was to examine the effect of a stress-adaptive training method, which adjusts the training parameters continuously according to the trainee’s stress level as measured through the grip force on the joystick in a computer game. Stress-adaptive training was compared to two control conditions, either with a constant difficulty or with a time-dependent difficulty of the task. Accordingly, the findings indicate that this innovative training method has certain advantages over other, more conventional training methods in enhancing the quality of training and in shortening the required time of completing the training.



The required time to reach the first criterion (i.e., “derivative cutoff point”, representing the alignment of the learning curve towards its asymptote, in accordance with hypothesis H1) was shorter in the stress-adaptive condition than in both control conditions (constant and time), as evidenced by the finding of a significant main effect of the stress-adaptive condition in relation to the two control conditions: t = −2.12, p = 0.039. This finding confirms the first hypothesis. Additionally, the level of performance that participants achieved at the criterion was higher in the stress-adaptive training condition compared to both control conditions (constant and time), according to the significant main effect of the stress-adaptive condition that was found: t = 3.27, p = 0.002, which confirms hypothesis H2. It can be concluded, based on these findings, that the stress-adaptive training method is an efficient way of training, capable of improving the final level of performance while shortening the required period of training.



In order to investigate a possible alternative interpretation of these results (i.e., in the stress-adaptive condition participants controlled the speed of the game and thus had an easier task to master), the speed of the game in the control-constant condition was fitted to the average speed of the stress-adaptive condition, so there was no difference in terms of task difficulty between these conditions. Nonetheless, the speed of the control-time condition was significantly higher than the speed of the other two conditions, F(2,49) = 5.78, p = 0.001. Therefore, one can argue that the higher performance at the criterion in the stress-adaptive condition, compared with the control-time condition, may be a result of the higher speed of the latter, which means a tougher task. Still, the higher speed at the control-time condition was unavoidable since the very definition of this condition was an increase in speed every given period of time. If there had been a smaller increase in game speed for the control-time condition, it is possible that performance at the criterion would have been higher than the actual one. Future studies may further investigate this possibility. Nevertheless, it is emphasized that since the adjusted R2 of this effect was 0.006, it can be concluded that this possible effect was too small to impact the main findings. Other alternative explanations were also considered, such as the effect of age, gender, and previous experience in video/computer games. However, these effects were not significant, which reduces the probability that these factors influenced the results.



According to our findings, this new training technique has the potential of elevating performance at the end of a training period for psychomotor tasks similar to the one presented in this research. Future tools may further analyze the levels of stress during the task execution, allowing reflection on the course of training and provide insights for improving training sessions. An alternative approach of elaborating on this training method is to utilize machine learning (ML) abilities, which are capable of forming a complex model based on multiple sources of information [50]. Such advanced tools may consider not only the online information regarding the level of stress of the trainee, but also the level of performance at any given moment, and therefore adjust the training features accordingly, to achieve optimal training. Another potential future endeavor in SAT is its application in high-fidelity training environments to further explore this training method efficiency and its relevance for practical use, although the additional benefit of such an approach is still unclear [51].



These findings provide the opportunity of improving the efficiency of psychomotor training in various fields such as aviation, driving, and robotic surgery [52]. A particularly interesting potential in our findings regards the final level of performance achieved in the SAT condition. Should this finding be reproduced in future studies, its possible implication is that SAT may aid in training higher level experts possessing abilities superior to those of today’s reasonable experts. Finally, these results affirm that stress measurement using grip force has practical implications, along with its advantages over other physiological stress measures, namely being nonintrusive and suitable for continuously measuring stress. It should also be noted that the described apparatus consists of inexpensive components, which are rather easy to assemble and employ. This economical training tool may aid in improving training outcomes, thus bringing a greater value to the costs invested.



It should be noted that there are certain limitations to this study. First, since the relationship of performance and stress is a well-studied one [53,54], it can be assumed that had the apparatus taken the performance factor into account during the execution, the training results might have been improved and the required time period to reach the criterion might have been even shorter. Second, stress was calculated for the adaptivity purpose according to the grip force solely. Although the results indicate that this measure correlated with heart rate and was sufficient to improve training, a more comprehensive approach for stress measurement that utilizes several stress indices may aid in the determination of a more accurate level of stress, thus leading to better training results.




5. Conclusions


In the current study, an innovative stress adaptive training method led to better training results, with shorter training duration required, compared with more traditional training methods. The main effects were on the required training duration for achieving the criterion (t = −2.12, p = 0.039) in accordance with the first hypothesis as well as on the level of performance reached at the criterion (t = 3.27, p = 0.002) in accordance with the second hypothesis. This stress-adaptive training method has the potential of improving training and experts’ performance levels in various psychomotor domains, thereby providing a practical use for grip force as a measure of stress.
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Appendix A


For validation purposes of grip force as a stress measure for the current task, grip force was correlated with heart rate, an established measure of stress. A Pearson correlation was found significant r (52) = 2.77, p = 0.007, as demonstrated in Figure A1.
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Figure A1. Grip force as a function of heart rate. The plot illustrates the significant correlation where X-axis values represent the mean heart rate (bpm), and the Y-axis values represent mean grip force (N). Dots represent individual observations (each participant’s values). Line represents smoothed conditional means using lm smoothing. 






Figure A1. Grip force as a function of heart rate. The plot illustrates the significant correlation where X-axis values represent the mean heart rate (bpm), and the Y-axis values represent mean grip force (N). Dots represent individual observations (each participant’s values). Line represents smoothed conditional means using lm smoothing.
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Figure 1. (a) The stationary handhold including the grip force sensors and two controls: a 4-way and a trigger; (b) general setup, consisting of a laptop with the “Asteroids” game, operated via the controls placed on the handhold, installed inside an opaque box with a hand hole for the right hand and an Empatica E4 wristband on the left hand. 
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Figure 2. “Asteroids” computer game: typical display. 
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Figure 3. Learning curve for a single participant. X axis represents time (s), Y axis represents performance [Ln (cumulative hits − 10 * cumulative loss of lives)]. Black dot represents the first derivative cutoff point. 
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Figure 4. Time to criterion as a function of group. Dots represent the “time to criterion” parameter (from the first derivative cutoff points) for all 52 participants, grouped according to their experimental condition (control-constant, stress-adaptive, and control-time). Boxes represent the inter-quartile range (IQR = Q1 to Q3) of the group, middle horizontal line represents the group’s median, upper line represents the largest value less than upper quartile plus 1.5 times IQR, and the lower line represents the smallest value greater than lower quartile minus 1.5 times IQR. One asterisk represents significance level of p ≤ 0.05. 
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Figure 5. Performance at criterion as a function of group. Dots represent the “performance at criterion” parameter (from the first derivative cutoff points) for all 52 participants, grouped according to their experimental condition (control-constant, stress-adaptive, and control-time). Boxes represent the inter-quartile range (IQR = Q1 to Q3) of the group, middle horizontal line represents the group’s median, upper line represents the largest value less than upper quartile plus 1.5 times IQR, and the lower line represents the smallest value greater than lower quartile minus 1.5 times IQR. Two asterisks represent significance level of p ≤ 0.01. 
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