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Developing quantitative means to measure the effects of tactile
stimulation on user experience is gaining increasing attention over
the past decade. This paper strives to find quantitative evidence,
based on brain wave analysis, of the relationship between tactile
stimulation and cognitive processes. In this study, participants per-
formed an active touch task comprising of stroking the strings of
a virtual guitar displayed on a touch-screen device while measur-
ing the 64-channel EEG signal. For the analysis, phase locking val-
ues from alpha, beta, and gamma frequency bands are extracted
and compared during the absence and presence of tactile stimula-
tion. Results demonstrated an increase in the connectivity of beta
and gamma bands in the prefrontal cortex in the presence of tactile
stimulation. Such increase is potentially associated with the devel-
opment of Bereitschaftspotential, which reflects the intention, plan-
ning, and execution of precise voluntary movements. Another inter-
esting finding was an increased interhemispheric connectivity in the
absence of tactile stimulation, which is associated with motor im-
pairments. These findings suggest that tactile stimulation not only
trigger sensation, but further activate cognitive processing associ-
ated with motor skills.

INTRODUCTION

The interest in incorporating haptic modality in human-computer inter-action is growing, especially in mobile communication domain. For in-stance, touch-screen devices, such as mobile phones or tablets, relymerely on visual feedback. This may cause many interaction problems(such as the need for full visual attention to the interface, accessibil-ity for people with visual impairments, etc.). Therefore, tactile feedbackprovides an additional media to reduce the visual demand [10]. Previousstudies have shown that tactile feedback can improve user performanceon different tasks using touch-screen devices [22], [13], [16].
The added-value of tactile feedback in human-computer interaction istypically evaluated using self-reporting (subjective questionnaires orthink aloud protocols) or on users’ performance during the interaction(task completion time, accuracy, error rate, etc.). While both methodshave been used successfully for decades, they suffer from several limita-tions. Self-reporting is inconsistent, unreliable, and difficult to reproduce(e.g., prone to be contaminated by ambiguities [21], sometimes affectedby social pressure [25], and difficult to provide real-time insights with-out disrupting the interaction). On the other hand, metrics inferred frombehavior do not provide information about user’s mental states (e.g. ahigh reaction time can be caused either by a low concentration level orby a difficult task [3]). Recently, it has been suggested that brain imagingtechniques (such as EEG) have the potential to address these limitationsas it provides quantitative measure of user’s mental states [6].

*wanjoo@nyu.edu†hassan.jamil@nyu.edu‡mohamad.eid@nyu.edu

Measuring user experience associated with touch (tactile and/or kines-thetic) is evenmore challenging due to its complexity [8]. Tactile interac-tion is classified as passive and active. In passive touch, physical con-tact is initiated and controlled by an external party (environment or otherhuman), such as someone tapping the shoulder of a friend. On the otherhand, active touch involves moving the human body (typically hand) toexplore the environment (such as when stroking a surface to learn aboutits texture). In this study, we will focus on active touch tasks involvingtactile feedback with a touch-screen device.
There is a recent trend to study the neural mechanisms associated withtouch. A study investigated the brain’s response to pleasant touch usingEEG imaging [28]. It is shown that right hemispheric beta-band oscilla-tions measured over parietal electrodes allow to differentiate betweenpleasant and unpleasant tactile sensations in passive touch. In anotherstudy, when clothing with a higher mass density was worn, energy per-centages of the alpha weave of the EEG at both the left and right oc-cipitalia were higher [30]. Interpersonal touch is shown to enhance cog-nitive control [26]. Another study investigated the correlation betweenhaptic feedback and EEG signal in a visuomotor tracking task [15]. Re-sults demonstrated significant increases in coherence between differ-ent brain networks in response to haptic feedback relative to coherenceobserved when haptic feedback was not present.
In our previous work [23], we introduced the first study to examine therole of tactile stimulation objectively and quantitatively in an activetouch task with a touch-screen device. Our results demonstrated thattactile stimulation is able to affect the cognitive processing and top-down control. Tactile stimulation resulted in statistically significant in-crease in neural activities compared to the case when no tactile stimu-lation is applied in active touch task. In particular, a difference in betaoscillation in themiddle frontal area at the late period of the active touchtask (650ms to 1000ms) wasmeasured. Functional connectivity is alsoa very useful method to understand brain activation as well as analysisof power spectral density [11]. In this paper, we focus on analyzing func-tional connectivity to investigate the effects of tactile stimulation in boththe prefrontal cortex and interhemispheric cortex, being highly associ-ated with precise voluntary movement and motor skills in general.
MATERIALS AND METHODS

PARTICIPANTS

Twenty-six participants enrolled in this study (14 males and 12 females;age range, 20–39). All participants were right-handed (Edinburgh hand-edness inventory, 98.46 ± 10.37) and met all inclusion/exclusion crite-ria. The inclusion criteria was: an age range from 20 to 39, right-handedwith no previous knowledge about how to play the guitar, and normal orcorrected-to-normal vision and hearing. Exclusion criteria included per-sons with a history of neurological or psychiatric disorders, persons withan orthopedics problem in the right hand, and person with more than 6months learning experience in playing guitar. We used a virtual guitar
Copyright is held by authors
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Figure 1: Block diagram of the experimental setup.

Figure 2: Schematic diagram of the experiment.

application for the active touch task, that is why those who play the gui-tar were excluded from the experiment. The experimental procedure andparticipant recruitment was reviewed and approved by New York Univer-sity Abu Dhabi Institutional Review Board (IRB #073-2017). Written in-formed consent was obtained from all participants. All research datawere collected and analyzed under IRB guidance.
EXPERIMENTAL DESIGN

EEG signals were recorded while participants performed an active touchtask that was designed using a tactile touch screen. A block diagramelaborating the experimental setup and design is shown in Figure 1. ThePresentation (a software by Neurobehavioral Systems, Albany, CA, USA)software was used for stimulus delivery and experimental control for theactive touch task. This software controls visual and auditory cues andprovides a synchronized control of these cues with tactile stimulationdisplayed using the tactile screen tablet, as well as generates event trig-ger in EEG system. To control tactile stimulation in active touch task, anetwork socket connection was established between the Presentationsoftware and the virtual guitar application running on the touch-screendevice to provide tactile stimulation. An activation message sent overthe network socket by the Presentation software then controls the be-havior of tactile stimulation on the touch-screen device.
A tactile touch-screen device developed by TanvasTouch1 was used toprovide tactile feedback on the screen. The tactile touch-screen device

1www.tanvas.co

provides an interface to control the tactile stimulation programmatically.To simulate arbitrary surface texture, electrostatic forces are appliedto simulate surface friction between the physical display panel and theuser’s fingertip [17] [18].
An EEG recording system (BrainAmp by Brain Products, Munich, Ger-many) was used to store the neurological activities during an activetouch task using 64-channel EEG device. Participants were asked to per-form an active touch task of stroking virtual guitar strings on a touch-screen device while enabling and disabling the tactile stimulation, in arandom order. Figure 2 shows the schematic diagram of the experiment.One trial was divided into three time periods namely rest, active touchtask and return time periods. To prevent participants from predicting thetask cues the rest period was randomly set to either 2 or 3 seconds. Thefixation appears for the rest of the time to draw the participants’ atten-tion to the assigned task. Start and end points weremarked on the touchscreen for the participants reference. Participants were asked to placetheir index finger on the start point and wait for the cue for the activetouch task as shown in the lower left in Figure 2. For the active touchtask, a square shaped box and a 1000Hz beep was used to provide vi-sual and auditory cues to the participants.
During the active touch task period, participants were asked to movetheir index finger from start to end point within one second. Duringthis period tactile stimulation was activated or deactivated randomly tocounter balance the task order. However, visual feedback (shaking guitarstrings) and auditory feedback (string sounds) always remains presentwhile the user’s fingertip swipes through the guitar strings. A 500Hz au-ditory cue indicated the end of the active touch task. The return periodwas set to 1.5 seconds, during that time participants moved their indexfinger back to the starting point while the rectangular visual cues disap-peared. All participants had to go through a short training session to re-duce the variance of finger movement and to minimize finger movementtime variation beyond the allocated time of one second for the activetouch task. The whole experiment was divided into four runs with threeshort breaks between successive runs. Each run consisted of 48 trials,one trial lasted for 4.5–5.5 seconds, therefore it took about 4.5 minutesfor one complete run of the experiment. In total, we collected 96 trialdata in presence and absence of tactile stimulation per participant. EEGsignals were recorded throughout the experiment.
For EEG signal processing, EEGLAB toolbox is utilized [5]. As a prepro-cessing of EEG signals, they were down sampled from 2500 Hz to 1250Hz. To remove the effect from the outside locations, EEG signals fromlocations FT9, FT10, TP9, TP10, PO9, and PO10 were removed from thesignal analysis. A zero-phase finite impulse response filter was used forband pass filtering (0.1–55 Hz). A notch filter was applied with a zero-phase digital filter to remove the 50 Hz line noise. The artifact subspacereconstruction method was applied to remove eye movement and mus-cle artifacts [20]. Then, the filtered EEG signal was divided into epochscorresponding to when tactile stimulation is applied or not. Finally, EEGsignals were re-referenced using the common average reference [4]. Af-ter preprocessing, power spectral densities of alpha (8–12 Hz), beta(13–30 Hz), and gamma (31–50 Hz) bands at each channel were com-puted via short-time Fourier transform.
CONNECTIVITY ANALYSIS

We defined three regions of interest as the prefrontal area (Fp1, Fp2, AF7,AF3, AF4, and AF8) and the bilateral areas include motor, somatosen-sory, parietal association and general interpretation areas (C5, C3, C1,CP5, CP3, CP1, P5, P3, P1, PO7, and PO3 in contraletral area and C2, C4,C6, CP2, CP4, CP6, P2, P4, P6, PO4, and PO8 in ipsilateral area). To findthe functional connectivity in the brain, we extracted phase locking val-ues (PLVs) [14] between electrode pairs in three regions of interest andthe interhemispheric areas. PLVs of 500ms period before themotor taskcue were used as a base line. PLVs in the period of 1 second motor taskwere subjected by average value of baseline. All pairs of combinations
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Figure 3: Significant differences of functional connectivity in the prefrontal and interhemispheric areas. Red solid lines, red dashed lines, and blue
double lines indicate gamma, beta and alpha connectivity respectively. W > WO indicate that the connectivity in the presence of tactile stimulation is
stronger than in the absence of tactile stimulation. W < WO indicate the otherwise.

in each region of interest and each frequency band were compared inthe presence and absence of tactile stimulation. All pairs of combina-tion of the interhemispheric connectivity were also compared. To avoidmultiple comparison problem, we adjusted the significance level by Bon-ferroni correction. A statistical analysis technique, t-test, was performedusing MATLAB to determine the significance between the two test con-ditions (presence and absence of tactile stimulation).
RESULTS

PREFRONTAL AREA

Figure 3 shows significant differences in beta and gammaconnectivity inthe prefrontal area. In particular, two pairs of beta connectivity (namelyFp1-AF4 and Fp2-AF3) were significantly stronger in the presence of tac-tile stimulation, compared to the case when no tactile stimulation is ap-plied (t-test, p < 0.0033). As for the gamma band, two pairs of gammaconnectivity (AF7-AF3 and AF4-AF8) were significantly stronger in thepresence of tactile stimulation compared to the case when tactile stim-ulation is not applied (t-test, p < 0.0033). Furthermore, no significantdifferences between the two test cases (with and without tactile stimu-lation) were found in the functional connectivity within the bilateral sen-sorimotor and parietal areas.
Previous research by Kim et al. [12] has demonstrated that an increase inthe connectivity of beta and gamma bands in the prefrontal cortex is as-sociated with the development of bereitschaftspotential (BP) [27], which

reflects the intention, planning and execution of a movement and thuscontributing to precise voluntary movement. High intraregional beta andgamma activities in the prefrontal area, resulted from the tactile feed-back, may reflect the activation of brain networks related to movementpreparation. it also seems that the presence of tactile feedback duringan active touch task contributes to developing precise voluntary move-ment and thus improved motor skills.
INTERHEMISPHERIC CONNECTIVITY

Figure 3 shows significant differences of functional connectivity levelsin interhemisperic connectivity. In particular, contralateral motor (C1 andC3) and somatosensory (CP3) areas show stronger alpha connectiv-ity with ipsilateral parietal association (P6) and general interpretation(PO8) areas compared to the case when tactile stimulation was present(t-test, p < 0.0004).
A previous study by Amann et al. [2] found that interhemispheric func-tional connectivity of primary motor cortex is significantly reducedduring continuous performance of a unilateral motor task. This phe-nomenon has also been demonstrated for post-stroke patients [7]. Thissuggests that increased interhemispheric connectivity during the ab-sence of tactile stimulation may represent a compensatory mechanismfor the lack of tactile feedback. It looks likely that the lack of tactilefeedback, represented by an increased interhemispheric connectivity, isassociated with motor impairment.
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DISCUSSION

We found significant differences in beta and gamma connectivity in theprefrontal area. Frontal beta and gamma band oscillation is well knownto be related to cognitive processes [9], [29], [24]. The activation of betaand gamma connectivity in the frontal area shows that there is an ac-tive communication in the frontal lobe due to more cognitive process-ing. This suggests that tactile stimulation affects not only sensation butalso cognitive function. Furthermore, previous research found relation-ship between an increase in the beta and gamma bands in the prefrontalcortex and precise voluntary movement. Tactile feedback also seems tocontribute to the preparation and execution of precise movements (mo-tor skills).
We also found alpha interhemispheric connectivity. Alpha phase hasbeen reported to be associated with tactile perception as well as thepower distribution of EEG [1]. Several interesting observations can bemade from the results shown in Figure 3. First of all, regardless of thepresence or absence of tactile stimulation, there is a significant dif-ference in the connectivity associated with C3 and C1 that belong tothe contralateral motor cortex, even though the participants’ behaviorwas the same. It is also very interesting to note that there are signifi-cant differences in connectivity between the contralateral sensorimotorarea and the ipsilateral parietal area. The interpretation of sensation oc-curs first in the association and interpretation areas of the same hemi-sphere [19]. However, in the absence of tactile stimulation, it could beless obvious in the interpretation area, thus it is presumed that the com-munication with the analytical areas of the opposite hemisphere to com-pensate for the lack of sensory information (in this case the lack of tac-tile feedback). In other words, the participants were able to see and hearthe guitar strings, however they could not feel the tactile sensation as ex-pected. Thus, it was assumed that the role of ipsilateral sensation asso-ciation and interpretation area as well as contralateral sensation asso-ciation and interpretation were needed for accurate interpretation. Moreresearch on tactile perception and functional connectivity is needed toclarify this inference. In this study, the entire period of the motor taskwas considered for interpreting the brain connectivity. Therefore, moreresearch is needed on how brain activation varies over time.
To make natural, real life touch interaction, we designed active touchmotor task. Thus, movement artifacts including muscle signal and addi-tional sensory stimulation could affect EEG signal. However, these arti-facts from motor movement are the same for the presence and absenceof tactile stimulation conditions. Thus, we assume that these artifactswere cancelled out when we analyzed differences of functional connec-tivity in the presence and absence of tactile stimulation.
CONCLUSION

In this study, we investigated brain connectivity associated with tactilestimulation. We found that the beta and gamma connectivity in the pre-frontal area ar much higher in the presence of tactile stimulation thanthe case when tactile stimulation is absent. Furthermore, significantlystronger interhemisheric alpha connectivity between contralateral sen-sorimotor area and ipsilateral parietal area are observed when tactilestimulation is not applied. This shows that tactile stimulation not onlyaffects sensation but also cognitive processing and shows increasedbrain network activity to compensate for the lack of tactile sensation.
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