Cognitive Workload of Novice Forklift Truck Drivers in VR-based Training
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Abstract
There is increasing use of Virtual Reality (VR) to train forklift truck operators but a lack of sufficient understanding of how cognitive workload changes with respect to different task demands in VR-based training. In this study, 19 novice participants completed three forklift driving lessons with varying difficulty levels (low, medium, and high) using a VR simulator. To examine the effect of repeated training on cognitive workload, two sessions were repeated by participants using the same procedures. Cognitive workload was assessed with objective (electroencephalogram [EEG] activity) and subjective (NASATLX) measurements. EEG theta power and NASA-TLX (mental workload) scores were significantly higher for high than low difficulty levels. However, both EEG and NASA-TLX responses were reduced with repeated training in the second session. These findings highlight the effectiveness of EEG in continuous monitoring of workload variation caused by task difficulty and implementing training programs to moderate cognitive workload for forklift operators.
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Forklift trucks are used extensively to transport materials in warehouses and other industrial sites. Operating a forklift requires skill in various tasks, including pallet loading/unloading and hazard recognition (Ulutas & Ozkan, 2019). Adequate training is crucial for forklift drivers, as their situation awareness can be compromised during cognitively demanding tasks, potentially leading to accidents (Choi et al., 2020). Since their performance directly affects material handling activities (Ulutas & Ozkan, 2019), assessing the cognitive state of forklift drivers is crucial.
Virtual reality (VR) technology has opened up new opportunities for training forklift operators in a realistic and risk free environment. Recent studies have demonstrated the effectiveness of VR in enhancing the skills of forklift operators (Abbas et al., 2023). Although VR-based training has many benefits, it is unknown whether such training can elicit different levels of cognitive demands as seen in real-world forklift driving for effective training.  
The primary objective of this study was to evaluate cognitive workload during simulated forklift driving lessons at varying levels of task difficulty. To achieve this, both objective (EEG theta activity) and subjective (NASA-TLX) measures of workload were employed to assess the effectiveness of these measures in quantifying cognitive workload. A secondary aim of the study was to investigate the effects of repeated training sessions on subjective and objective measurement of cognitive workload.
A high-fidelity VR-based simulator with a VR-headset and physical buttons (The Raymond Corporation, USA) were used to simulate forklift driving training. EEG data were collected using a six-channel dry electrode headset (Arc device, Mindrove, Hungary) that was placed over the frontal area of the brain. Nineteen novice participants (14 males and 5 females) with no prior experience in forklift driving completed two identical sessions on different days, each consisting of three learning lessons with different levels of task difficulty in a fixed order. Task difficulty levels included low (driving along a specific path), medium (picking up a pallet and driving backward), and high (raising the forks and picking up the pallets from high shelves). EEG data were collected from participants before the main experiment (2 minutes, open eyes baseline measurement) and in each training lesson during the main part of the experiment. After completing each lesson, participants filled out the NASA-TLX questionnaires. 
Two-way repeated measure analyses of variance (ANOVAs) were used to examine the effects of task difficulty (L:low, M:  medium, H: high) and session (1 and 2) on seven dependent variables. These variables included EEG theta activity and the six NASA-TLX subscales, representing objective and subjective workload measures, respectively.  
The task difficulty x session interaction effect was significant for EEG theta power. There were main effects of task difficulty and session, in which theta power significantly increased with task difficulty and decreased in the 2nd session compared to the 1st session. In the 1st  session, post-hoc analysis revealed that the mean EEG theta power during H task difficulty was 343% and 155% higher compared to L (p = .001) and M task difficulty levels (p = .002), respectively, while there were no significant differences in theta power in the 2nd session between difficulty levels. Interestingly, theta power during the H task difficulty decreased significantly from the 1st to the 2nd sessions (p = .019). 
Ratings on the NASA-TLX mental workload subscale significantly increased with task difficulty and decreased in the 2nd session. Temporal demand, performance, and frustration ratings also significantly decreased from the 1st to the 2nd sessions. There was no main effect of task difficulty for any of the subscales, except for mental workload (which increased with difficulty).
We found that EEG theta power significantly increased with task difficulty (H > L) in the 1st session. This finding is consistent with previous results that task difficulty increases theta power activity in the frontal brain area (Diaz-Piedra et al., 2020, 2019; Lei & Roetting, 2011). In addition, decreased theta power in the H difficulty level in the 2nd session suggests that repeated training using a VR simulator can reduce cognitive workload for forklift operators. 
A significant main effect of task difficulty was observed on the mental workload subscale, indicating that mental workload is perhaps the most useful factor in discriminating task difficulty for the selected VR forklift driving lessons. Although we did not find significant effects of task difficulty on frustration and physical demand, these two factors are considered crucial in studies on forklift driving (Du & Zhang, 2020; Rolander et al., 2022). Our lack of significant findings may be due to the fact that the current task duration was relatively short compared to the actual work performed by forklift drivers. 
In contrast to theta power, none of the NASA-TLX subscales were influenced by the task difficulty x session interaction effect. However, similar to theta power results, the mental workload scores significantly increased with task difficulty and decreased from the 1st session to the 2nd session. This correspondence suggests a consistent relationship between the subjective perception of mental workload and the objective measure of theta activity, but that objective (EEG) measurement may be more sensitive in detecting subtle changes in cognitive workload between different conditions.
Some limitations of the study should be acknowledged. All of the participants were young college students, which does not reflect the population of U.S. forklift truck drivers. Due to sample size, we did not investigate any gender effects. EEG data were recorded only from six electrodes in the frontal region of the brain, due to the limitation of wearing an EEG hat covering the full head beneath the VR headset. Considering that different cognitive processes are associated with specific brain regions, future research should focus on which specific brain regions will provide a more comprehensive understanding of the neural correlates of cognitive workload in VR forklift training scenarios.
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