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Abstract: 

Studies on human behavior in automated vehicles and advanced vehicle control 

are required as automated driving is expected to become more widespread. For 

example, Level 2 automated vehicles require constant monitoring to ensure the 

driver takes appropriate action in an emergency, even when driving hands-free. 

Constant monitoring will likely lead to stress and mental fatigue in the driver. 

However, proposing a human interface suitable for automated vehicles may 

reduce the driver’s mental fatigue. Evaluation methods are crucial for optimal 

interface development. In this study, we examined the effectiveness of biological 

responses and a questionnaire to detect the psychological manner in which 

drivers of automated vehicles use a driving simulator. The measurement results 

of the subjects mental fatigue obtained using the questionnaire and 0.05 to 0.6 

μS as SCR response amplitudes showed that moving up from Level 1 to 2 of 

automated driving does not necessarily decrease the driver’s mental load. 
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1. Introduction 

In recent years, vehicles equipped with driver assistance and automated driving features have proliferated rapidly, 

and this trend is expected to continue to increase. However, accidents occurred in self-driving vehicles in 2018. A 

self-driving car hit and killed a 49-yearold pedestrian crossing the roadway while pushing his bicycle at approximately 

64 km/h in Arizona while driving automatically. This fatal accident was the world’s first pedestrian fatality in 

automated driving. Given the possibility of such accidents, there is a need for automated driving to investigate the 

advanced control of automobiles and human behavior. [1] Several studies on proposals for new out-of-the-box 

interfaces that consider the coordination between people and cars have been conducted. [2-4] In addition, it is difficult 

for an automated vehicle to rapidly and appropriately return to manual operation from a nondriving state. In some 

cases, this can result in accidents. [5] For this reason, research has been conducted on variable steering systems to 

communicate the state of automatic driving and the state in which a person should take over driving through an easy-

to-see interface. [6] Various interfaces have been developed for the automotive industry. [7] However, some hazards 

and issues still need to be addressed. In vehicles equipped with Level 2 or 3 automated driving functions, the physical 

workload is reduced because the driver’s operation decreases during automated driving. In contrast, fatigue includes 

both mental and physical fatigue. When hands-free driving is applied, the driver must monitor the situation, which 

does not necessarily reduce mental fatigue. The mental strain of monitoring the surroundings during automated 

driving is different from that during manual driving, and in some cases, this mental strain may lead to danger. 

Therefore, the mental load on drivers and the degree to which they trust selfdriving vehicles have been investigated. 
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[8-10] In addition, research has been conducted on improving the reliability of self-driving cars through 

conversational interfaces. [11] However, these studies used self-reported questionnaires to measure the driver load 

but did not use real-time quantitative evaluation methods. Studies have also measured trust in self-driving cars based 

on driver behavior. [12-14] these studies measured trust based on human behavior, and other methods, such as 

biometric signals, are required to evaluate the mental load. A method using electrodermal activity as a biometric 

signal has been developed to analyze the mental load and emotions during driving. [15, 16] electrodermal activity 

refers to the electrical changes measured on the skin surface when the skin receives nerve control signals from the 

brain. With emotional activation and increased cognitive workload, the brain transmits signals to the skin to increase 

sweating. This signal change cannot be consciously controlled but is constantly regulated by the body. Several studies 

have been conducted on electrodermal activity detection during automatic driving. [17] A study investigated the 

effects of automated driving on people with health concerns. [18] The researchers investigated the driver’s trust in 

fully automated vehicles using questionnaires and electrodermal activity. These studies have shown that the greater 

the driver’s anxiety and mental load, the greater the electrodermal activity value. Thus, electrodermal activity can be 

used as an evaluation method when designing interfaces for Levels 2 and 3 automated vehicles, where cooperation 

between the driver and the automated vehicle is vital. The aim of this study was to develop a new evaluation method 

to propose appropriate interfaces for Levels 2 and 3 automated vehicles through experiments using a driving 

simulator. Experiments on electrodermal activity measurements and questionnaire surveys were conducted on a 

driving simulator replicating advanced levels 2 and 1 to detect and compare drivers’ mental fatigue during automated 

driving. Based on the results, we examined the effectiveness of the proposed method as an evaluation method for 

designing interfaces for automated vehicles to reduce drivers’ mental fatigue. 

2. Development of Evaluation Method for Interface Design for Levels 2 and 3 Automated Vehicles 

The Society of Automotive Engineers (SAE) is engaged in developing automotive and aerospace industry standards. 

SAE defines the levels of automated driving. [19] Table 1 lists the roles of the driver for each level, as defined by 

SAE. 

 

Table 1: Levels of Driving Automation [19] 

 
 

As listed in Table 1, Levels 1–3 automated vehicles require drivers to monitor their surroundings and respond to 

emergencies. However, this is challenging for drivers. Therefore, it is necessary to develop an interface suitable for 

a new role in designing a safe car. It is crucial to evaluate it from several perspectives in proposing a safe interface. 

In this study, we focused on using a questionnaire and the electrodermal activity, a biometric signal, to measure 

drivers’ mental fatigue. We used the E4 wristband, a biometric device sold by Empatica, to measure the 

electrodermal activity. 

 
In the experiment, the driver was hands-free in a Level 2 car, and mental fatigue was measured when a possibility of 

driving takeover existed. Based on the measurement and analysis of the mental demands of drivers using the 

questionnaire and electrodermal activity, the proposed approach can be utilized for designing systems and 

interfaces with less mental burden in automated vehicle design. 
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3. Simulation of Automated Driving Conditions Using Driving Simulator 

In the driving simulator used in this study, adaptive cruise control (ACC) was applied using a computer, and lane-

keeping assistant (LKA) was controlled using a wizard of OZ prototyping, in which a human operator operated the 

vehicle out of sight of the subject, to replicate the automatic driving function. [20] ACC is a driving support function 

in which a machine performs the acceleration and braking operations, and the LKA is a driving support function in 

which a machine operates the steering wheel. The wizard of OZ prototyping made it possible to conduct an automatic 

driving experiment relatively rapidly and at a low cost. The simulator consisted of a subject side, a display for 

replicating automatic driving, and a controller. Unity was used as the driving simulation system. The Vehicle Physics 

Pro software, available in the unity asset store, was used. [21] The system diagram of the driving simulator system is 

shown in Fig. 1. Driving simulator devices are shown in Fig. 2. 

 

 
 

Fig. 1. System diagram of driving simulator 
  

 
                             (a)                                                                            (b) 

Fig. 2. (a) Device for subject (b) Device for automated driving 

4. Experiment  

SAE Level 1 and SAE Level 2 automated driving were replicated using a driving simulator and the wizard of the OZ 

method. We measured the driver’s electrodermal activity during the experiment and administered a questionnaire 

afterwards. The questionnaire included items on “Mental Demand,” “Physical Demand,” “Temporal Demand,” 

“Effort,” “Performance,” and “Frustration” on an 11-point Likert scale. In Level 2 automated driving, the driver must 

constantly monitor the surrounding environment, even in a handsfree state. In this experiment, a car veered out of its 

lane during Level 2 driving. When the car strayed out of its lane, the subject took over the driving and moved back 

into the lane. This placed pressure on the subjects. The following is a detailed description of the experiment. 

 (1) Experiment 1: Driving experiment of Level 1 degree car 

In this experiment, the subjects drove the simulator of a Level 1 vehicle. The ACC was activated as a driving 

support function, and the speed was automatically maintained at 60 km/h. The subject was only allowed to 

operate the steering wheel, and the car was driven at 60 km/h. The subject drove the car for 15 min using only 

a steering wheel. 

  

(For automated driving reproduction) 
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 (2) Experiment 2: Driving experiment of Level 2 car 

In this experiment, the subjects drove a simulator of a Level 2 vehicle. The car automatically maintained 

driving in its lane at 60 km/h with ACC and LKA as automatic driving functions. While driving, the subjects 

monitored the vehicle to check whether it was moving within its lane. If the car veered out of its lane, the 

subject took over the driving, manually returned the car to its lane, and then pressed a lever behind the steering 

wheel to return to automatic driving. In this experiment, the car veered out of its lane three times in 15 min. 

The time values when the car moved out of its lane were set to 2, 5, and 10 min after the experiment 

commenced. Six subjects (A, B, C, D, E, and F) aged 22–23 years participated in the experiment. Figure 3 

shows the image and driving screen every 4 s from the beginning of lane departure until the driver intervenes 

and returns to the lane. 

 

 
 

Fig. 3. Procedures for subject’s driving intervention 

 

 

 

Automated Driving 
Subject takes 

over driving 

Return to 

Automated Driving 

3   Manual driving back into the lane 4   Back to Automated Driving 

2   Automated driving crosses the lane 1   Automated driving in the lane 
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5. Experimental Results 

In this experiment, we observed the electrodermal activity changes of subjects whose responses were significant. 

Figure 4 shows the electrodermal activity change of Subject A while driving a car at approximately Level 1, and    

Fig. 5 shows the electrodermal activity change of Subject A while driving a car at approximately Level 2.  

 

            
 

 Fig. 4. Electrodermal activity of during Level 1 driving      Fig. 5. Electrodermal activity of during Level 2 driving 

 

In this graph, the vertical axis represents the electrodermal activity, and the horizontal axis represents time. In the 

Level 1 experiment, the electrodermal activity increased when the driver started driving. Subsequently, the 

electrodermal activity showed a continuous decrease over time and stabilized at approximately 0.5 μS. The subjects 

held the steering wheel at all times for 15 min during the experiment. The subjects continued to drive without 

deviating from their lane. 

 

The black line in Fig. 5 represents the subject’s driving takeover when the automated vehicle crosses the lane. The 

electrodermal activity did not decrease significantly with time in Level 2 driving compared with Level 1 driving. In 

addition, the electrodermal activity sometimes changed after the takeover. This indicates that the driver’s sense of 

urgency is heightened by the situation of the automated vehicle. A bar graph of the results of the questionnaires 

administered in the six categories is presented in Fig. 6. 

 

Physical Demand and Temporal Demand were higher at Level 1 than at Level 2. However, Frustration was higher at 

Level 2 than at Level 1. There were no significant differences between the two levels for other items. 

 

 
 

Fig. 6. Comparison of subjects’ questionnaire results   
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6. Discussion 

The questionnaire results confirmed that physical demand items were significantly lower for Level 2 than for Level 

1. However, the results for the Mental Demand and Frustration items were the same or slightly higher for Level 2 

than for Level 1. Because lane departure occurred during automatic driving, the subjects had to concentrate constantly 

on the driving situation. Therefore, the mental demand and the level of dissatisfaction increased. Drivers are likely to 

experience stress when there is the possibility of unpredictable movement of automated vehicles. Therefore, even if 

the physical demand is decreased by increasing the level of automated driving, the mental demand may not decrease 

depending on the interface and accuracy of the automated driving. In experiments using Level 2 automated vehicles, 

the electrodermal activity response occurred when the driver took over driving after the vehicle veered out of its lane. 

This condition may indicate that the driver was temporarily stressed. Some subjects also showed increased 

electrodermal activity after straying out of their lanes. In addition, the electrodermal activity decreased for some 

subjects in the Level 1 car experiment; this is attributed to the fact that they became more relaxed and accustomed to 

driving. Utilizing electrodermal activity (EDA) for a quantitative assessment of driving behavior, Fig. 5 displays the 

first instance of Skin Conductance Response (SCR) [22] following an intervention. Regarding the initial stimulus 

onset, the latency measured 4 seconds, rise time was 1 second, and half-recovery time was 1 second. At this moment, 

the amplitude registered 0.07μS. Furthermore, it required 15 seconds for the physiological response to return to a 

steady state. By analysing the electrodermal activity, it is possible to observe changes over time in the driver’s mental 

load that the questionnaire did not reveal. 

7.  Conclusion 

The measurement results for the subjects’ mental fatigue using the proposed method showed that increasing the level 

of automatic operation did not necessarily decrease a driver’s mental load. By observing points where SCR reactions 

with amplitudes ranging from 0.05 to 0.6μS occurred, it became feasible to analyze distinctive driving behavior 

through examining acceleration and driver actions. Specifically, responses to deviations from the intended line 

(caused by the operator) and unexpected actions without external intervention were discernible. A preponderance of 

participants exhibited diminished responses with repeated interventions compared to the first instance.Employing this 

system, a comprehensive evaluation of driver behavior - both qualitative and quantitative - is facilitated by the 

quantitative assessment through SCR responses. This validation confirms the system's applicability as a simulator 

and evaluation system for designing safer and more comfortable systems.This method is expected to be valuable in 

designing interfaces with reduced mental fatigue. Future experimental studies should be conducted with a broad range 

of ages and experiences of subjects, as well as under other automatic driving conditions. 
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