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environments. As a follow-up work of our previous studies 

[14-16], Peng et al. [17] demonstrated that the attention 

performance of trainees in two typical attention tests was 

improved through longitudinal training with a visuo-haptic 

attention training game via fine force control. Whereas, the 

neurophysiological dynamics related to the attention 

improvement during the proposed training were not clear yet. 

The electroencephalographic (EEG) markers of sustained 

attention have not been fully exploited during visuo-haptic 

finger force control tasks within an immersive virtual 

environment.  

Thus, the critical question in the current study is what 

electroencephalographic (EEG) features are correlated with 

sustained attention states during the fingertip force control task 

in an immersive virtual reality (VR) environment. The work 

presented in this paper acts as one of the key steps to reveal the 

behavioral and neurophysiological markers of sustained 

attention in visuo-haptic multi-finger force control tasks. Based 

on the visuo-haptic attention training game introduced in our 

earlier work [17], the EEG signals were collected when 

performing the discrete fingertip force control task. Inspired by 

the methodologies outlined in previous studies [11, 18], we 

analyzed trial-by-trial response time variabilities in the 

dichotomous behavioral division to classify trials into the low- 

or high-variability states indicating two sustained attentional 

states: optimal and suboptimal states, respectively. Based on 

these two epochs, event-related potential (ERP) and power 

spectral analyses were conducted to extract EEG biomarkers 

significantly differing in the two states of sustained attention. 

The identified sustained attention biomarkers could support an 

adaptive closed-loop neurofeedback attention training system 

for augmented cognition [19].  

The main contributions of this paper are as follows: First, we 

designed visuo-haptic multi-finger force control tasks that 

revealed two neuroelectrophysiological features significantly 

correlated with sustained attention. Second, we proposed a 

VR-EEG measurement platform integrating head-mounted 

display (HMD), providing immersive 3-D virtual reality 

environments and 64-channel EEG data acquisition over the 

whole scalp of users. These contributions laid an essential 

technical foundation for further developing attention training 

systems using immersive visuo-haptic interaction tasks. 

II. RELATED WORKS 

Neurohaptics involves the understanding of how touch and 

its underlying brain functions work as well as its controlling 

cognitive interaction via brain-machine-interface [20]. Haptic 

interaction involving finger force was ubiquitous in the real 

world, thus it was essential to uncover the neural underpinnings 

of brain activities in the haptic interaction [19]. In recent years, 

the potential of haptics in attentional enhancement has attracted 

more and more attention of cognitive neuroscientists in 

addition to visual and auditory interaction [21]. However, the 

assessment of attention has been the primary issue when 

conducting attention-related research. In psychological science, 

there was far from a wide consensus on the gold standard of 

inattention, although it had been researched for more than a 

century [22]. It was still a challenge to reliably monitor the 

attentional state of a user by neurophysiological measurements, 

especially in real-world learning and training environments 

[19].  

The most common method was based on self-reported data 

from probe questions or behavioral performance. Self-report 

was a necessary subjective measure because brain wandering, 

by definition, was unpredictable and implicit. After randomly 

inserting probe questions into the tasks of interest, participants 

were asked to report their thoughts and feelings while 

performing the task. Mind-wandering was typically measured 

experimentally by the self-report whereby distractive feelings 

were marked in these reported discrete time points [23]. 

However, an obvious drawback of the self-report methodology 

was that probes would interrupt the ongoing train of thought, 

causing unwanted interference [23]. For a task with the aim of 

further application in complex real-world scenarios, the 

self-report methodology was not appropriate due to the 

interruption. Therefore, a new trend in sustained attention 

research was to detect the performance of a task over a long 

period of time to explain individual fluctuations in the overall 

ability to maintain stable task performance [11, 24]. 

Many methods had been developed for examining 

within-subjects response time variability over time, based on 

the observation of the behavior of ADHD patients [25]. A 

typical way to measure attentional fluctuations during sustained 

attention was a behavioral measure of moment-to-moment 

performance, e.g., sustained attention to response task (SART) 

[26]. The significant change in trial-to-trial reaction time had 

been considered as an important indicator of attention 

performance [27]. The abnormally slow response time was 

conceptualized as a lack of preparation for tasks or a decrease in 

attention, while the abnormally fast response time was 

considered as an early or routine response, which was related to 

the failure of attentive control and response inhibition [28]. The 

sustainability of attention control could not be fully captured 

just by checking the accuracy and speed of response [27]. 

SART-like continuous performance tests (CPT) were more 

sensitive to the instantaneous change of the attentional state 

than classic vigilance tasks, while they often failed to elicit 

performance decrements in healthy individuals [11]. 

Traditional findings demonstrated that easier tasks could 

sometimes result in greater vigilance decrements, besides the 

demonstrable role of motivation in sustaining attention had cast 

doubt on this strict resource depletion model [26]. Although 

typical psychological lab tasks used for the behavioral metric of 

sustained attention were more convincing, they were far from 

attractive and practical daily training tasks [29]. 

In different practical tasks, a modified method derived from 

the classical paradigm is necessary for sustained attention 

measurement even if it may not be widely accepted in a short 

time [24]. Aiming at detecting vigilance decrements by 

moment-to-moment response time (RT) fluctuations, 

Rosenberg et al. [27, 30] introduced a novel gradual-onset 

continuous performance task (gradCPT) with 20 scene images 

to more adequately tax sustained attention in a short period 

using frequent overt responses. According to a dichotomous 
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the sustained attentional states. Hasler et al. [32] did not 

observed significant effect of cue- or target-related ERPs on P1 

and N1 amplitudes, supporting similar initial sensory-level 

processing at the early stages of visuocortical analysis. Since 

P1 and N1 were early ERP components indexing processing 

during the sensory input stage, their reduction was taken as 

evidence supporting an inhibitory effect of mind-wandering on 

external perception [55]. Whereas, sustained attention 

represented an essential attentional function that determined the 

efficacy of the higher aspects of attention and cognitive 

capacity in general [10, 34]. Sustained attention performance 

associated with activation of the basal forebrain corticopetal 

cholinergic system was conceptualized as a component of the 

top-down processes initiated by activation of the anterior 

attention system [34]. These findings suggested that the effect 

of sustained attention on the ERPs elicited by the external 

visual cues would be apparent only if the visuocortical 

activation could be transmitted to the forebrain corticopetal 

cortex. In the proposed visuo-haptic task, visual cues might be 

so easily noticed that it was not necessary for the involvement 

of higher-order cognitive processes [39].  

The emergence of an early local deflection might not be 

surprising for the response-locked analysis, especially in a 

fast-paced stimulus-response task. In the study of Olfers et al. 

[56], both the stimulus-locked and response-locked ERP 

analyses were used to study the transfer effect of game-based 

cognitive training. An early peak with a latency of 23 ~ 47 ms 

was also illustrated in the response-locked ERP waveforms. 

The attenuation of the early ERP deflection Nep elicited by the 

haptic response might be a late visual-elicited component in the 

optimal state of sustained attention. Although this reasoning 

could not be verified in the current study, there were three 

supporting reasons. First, the responses to visual cues in the 

current experimental task were required immediately. Some 

RTs were so short that it might lead to overlapping in ERP 

latencies of visual cues and haptic responses. Second, as shown 

in Fig. 6, a later peak N1 following Nep emerged in the 

haptic-elicited ERP waveform. This emergence indicated that 

Nep might be one of the late ERPs elicited by visual cues, and 

the later haptic-elicited N1 might be the actual ERP elicited by 

the reaction of finger force control. The early ERP components 

were usually related to basic sensory stimulus processing (e.g., 

N1 and P1), while the late components reflected perceptual and 

cognitive processes, including encoding, classification, task 

control, selection, and motor response preparation [32]. Third, 

if the haptic-elicited Nep was a late visual-elicited component, 

its attenuation could be attributed to the attention resource 

allocation in the fine finger force control process, reducing the 

late investment in visual cues processing [57, 58]. Werkhoven 

et al. [59] found that vision was also more easily suppressed by 

top-down selective attention in a study on the effect of attention 

on multisensory integration. 

The proposed visuo-haptic fingertip force control task is a 

fast-paced customized game for attention training rather than a 

psychological lab paradigm with a long interstimulus interval 

(ISI) for typical ERP analysis. Bavelier et al. [29] argued that 

users immersed in fast-paced events in the digital fantasy world 

could gain significant cognitive advantages. To develop new 

therapeutic games, researchers began to take the essence of 

both commercial video games and traditional cognitive tests 

that were unsuitable for real-world attention training. These 

new games bore little resemblance to drab psychological tests, 

making them quite suitable for home rehabilitation [17, 29]. 

Accordingly, a practical design that the one-by-one trials 

appeared immediately was adopted in the proposed task. One of 

the further studies could be conducted by lengthening the 

inter-stimuli interval (ISI) of the current visual-haptic task. 

Consequently, we could not only investigate how a different 

 
Fig. 7.  Scalp topographies of mean powers differences (optimal minus 

suboptimal activity) between optimal and suboptimal states for five frequency 

bands. The mean powers were computed over segmented epochs based on the 

onsets of visual cues. Electrodes with significant effect were marked using 

enlarged white dots at a 0.05 level. Data were expressed as mean ± SEM. **: p 

< 0.00083; n.s.: p > 0.00083. 
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