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Abstract
[bookmark: _Hlk87435201][bookmark: _Hlk87436363]Previous studies have shown attenuation of cortical oscillations over bilateral sensorimotor cortex areas during passive perception of smooth textures applied to the skin. However, humans typically explore surfaces using dynamic hand movements. As movements may both modulate texture-related cortical activity and induce movement-related cortical activation, data from passive texture perception cannot be extrapolated to active texture perception. In the present study, we used electroencephalography to investigate cortical oscillatory changes during texture perception throughout active touch exploration. Three natural textured stimuli were selected: smooth silk, soft brushed cotton, and rough hessian. Texture samples were mounted on a purpose-built touch sensor which measured the load and position of the index finger, whilst electroencephalography from 129 channels recorded oscillatory brain activity. The data were fused to investigate oscillatory changes relating to active touch. Changes in oscillatory band power, event-related desynchronisation/synchronisation (ERD/ERS), were investigated in alpha (8-12 Hz) and beta (16-24 Hz) frequency bands. Active texture exploration revealed bilateral activation patterns over sensorimotor cortical areas. Beta-band ERD increased over contralateral sensorimotor regions for soft and smooth textures, and over ipsilateral sensorimotor areas for the smoothest texture. Analysis of covariance revealed that individual differences in perception of softness and smoothness were related to variations in cortical oscillatory activity. Differences may be due to increased high frequency vibrations for smooth and soft textures compared to rough. For the first time, active touch was quantified and fused with electroencephalography data streams, contributing to the understanding of the neural correlates of texture perception during active touch.
Keywords: Electroencephalography; Texture perception; Active touch; Time-frequency analysis
Introduction
Haptic perception enables humans to explore their environment [1]. There are two types of stimulation used in haptic perception research: passive and active touch [2,3]. Passive touch involves the application of stimuli to the skin, typically using robotic presentation devices such as a tactile spinning wheel [4–7], which control the timing and properties of the stimulation. Conversely, active touch requires voluntary movement to optimise contact pressure, speed, and velocity during haptic exploration, thus being more representative of how humans interact with surfaces during real-world exploration [8,9]. Current literature investigating neural correlates of texture perception predominantly relies on passive stimulation devices [10–14], therefore, the neural correlates of active touch have yet to be elucidated.
Low-threshold mechanoreceptors (LTMR) of the glabrous skin contribute to texture perception [15,16]. Merkel cells respond to pressure, Meissner corpuscles process low-frequency vibrations, and Pacinian corpuscles respond to high-frequency vibrations [17–19]. The duplex theory of tactile texture perception [20] proposes that high-frequency vibrational cues encode tactile stimulation from fine textures, whereas spatial cues encode tactile stimulation from coarse textures via pressure [21–25]. The cerebral cortex appears to process low (5-50 Hz) and high-frequency stimuli (50-400 Hz) differently [26]. Low-frequency stimuli increase activation in the contralateral SI and bilateral SII, while high-frequency stimuli increase activation in the bilateral SII [27–29]. Therefore, the perception of coarse and fine textures likely involve different neural mechanisms.
Roughness perception has been investigated in previous studies examining neural correlates of touch [1]. Coarse artificial stimuli such as gratings, [10,14], three-dimensional (3D) printed textures [11] and Braille dot patterns [30] are often used to investigate the perception of roughness. Natural textures, such as silk and cotton, differ from coarse artificial textures as they are often finer grained and therefore more likely to rely on vibrational cues generated through movement [7,13]. Although natural textures typically lack large and pronounced spatial patterns, one can still perceive them as rough and unpleasant [13,31].
[bookmark: _Hlk68778471][bookmark: _Hlk96526975]Event-related amplitude decreases and increases of band power, known as event-related desynchronisation (ERD) and event-related synchronisation (ERS) respectively, are known to vary with task-related changes [32,33]. Voluntary movement and somatosensory stimulation are associated with ERD in alpha and beta frequency bands over primary motor and somatosensory cortices [34–42], followed by beta-band ERS in the motor cortex after termination of stimulation [35,36,43]. Alpha- and beta-band ERD are interpreted as increased cortical activation [33,44]; in contrast, ERS indicates cortical inhibition or idling [45–47]. Increased alpha-band ERS over occipito-parietal areas is found during self-paced voluntary hand movement and is thought to be the result of diverting attention from the visual system to the motor system, increasing ERD in motor areas which supports hand/finger movement [48]. Investigation of texture perception has revealed bilateral alpha- and beta-band ERD during passive stimulation, with greater alpha-band ERD and increased magnitude of steady-state evoked potentials (SS-EP) with decreased stimulus roughness [12,13]. Further, ERD/ERS during voluntary movements are related to movement parameters such as force [49] and speed [50,51]. Therefore, the ERD/S method proposed by Pfurtscheller [52] is likely to show differences during active touch exploration of different textures which may be due to textural and active movement differences. 
Voluntary movement is associated with a reduction in tactile perception, known as tactile suppression or movement-related gating [53,54], as evidenced by reductions of short-latency somatosensory evoked potentials (SEPs) [55–58]. However, movements made to gain information about surface properties enhance tactile perception [59], with greater amplitudes of long-latency SEPs [55,56,60–62]. This suggests that tactile suppression is context dependent, with active tactile exploration playing a significant role in providing information about textural properties. Thus, while the evidence suggests that active touch is likely to enhance, rather than supress, tactile perception, this remains to be fully elucidated. 
The current study investigated cortical oscillatory changes associated with texture perception during active exploration of natural textures. Active touch was quantified using novel touch sensor technology, enabling precise measurement of load and position of the index finger, thus allowing for computation of behavioural active touch timings. Fusion of computed active touch timings and EEG data streams allowed accurate investigation of electrophysiological changes during active touch. Cortical oscillatory changes were investigated in alpha- and beta-bands during active touch exploration of three textures which varied in textural properties: smooth silk, soft brushed cotton, and rough hessian. We hypothesised that active touch exploration would elicit bilateral alpha- and beta-band ERD over the sensorimotor cortex. Based on evidence from passive touch studies [12], we predicted greater alpha-band ERD for smooth compared to rough textures. Furthermore, we hypothesised differences in cortical oscillatory activity for each texture would relate to individual differences in subjective perceptions of textural properties.

Method
Participants 
[bookmark: _Hlk95311444]Thirty-five participants were recruited (12 males) with no history of any neurological condition, or aversion or allergies to any textures. Nine participants were excluded due to excessive muscle artefacts or incomplete data recording from the touch sensor. The final sample for EEG analysis included 26 participants (7 males, 4 left-handed), aged 28.03 ± 11.06. Participants were reimbursed at a rate of £10 per hour for their time. The study was approved by the Research Ethics Committee of the University of Liverpool and all participants gave fully informed written consent at the start of the experiment in accordance with the Declaration of Helsinki.
Procedure
[bookmark: _Hlk54702673]Participants were seated in a Faraday cage in front of a 19-inch LCD monitor. The study was carried out in a single 2-hour session. Participants were required to complete four tasks: initial subjective ratings of texture samples, pace training, an active touch task, and final subjective ratings. All tasks were presented using PsychoPy [63]. EEG and touch sensor data were recorded during the active touch task (see section 2.2.4). Elbow and wrist rests were used to stabilise and support the arm and wrist whilst maintaining position over the touch sensor. The height and position of the support were adjusted for each participant. This minimised non-essential motor movements whilst allowing for active touch exploration using lateral finger movements. Texture exploration was performed using the glabrous skin of the distal phalanx of the index finger.
Stimuli
The stimuli included three textures selected from a preliminary pilot study: silk, brushed cotton, and hessian, Figure 1. The stimuli selected were natural textures that encompassed three tactile properties: pleasant/unpleasant, smooth/rough, and soft/hard. Texture samples were cut into 100mm by 40mm strips and mounted with double-sided tape to plastic stages lined with easily removable PVC electrical insulation tape. Plastic stages were slotted into the sample chassis of the touch sensor (Figure 2). The texture samples were replaced for each participant. The stages were removably attached to the touch sensor instrument for presentation to the participants.[image: ]
Figure 1. Hitachi TM-1000 scanning electron microscope images of the texture stimuli at 100x magnification.


[image: ]Figure 2. Top view of the touch sensor system showing the amplifier housing, the flexures from which the strain-gauge sensors are mounted, and the sample chassis attached to the sensors.



Subjective ratings
Initial and final subjective ratings were collected in response to the texture samples presented on stages attached to the touch sensor. Ratings were recorded using three 100-point VAS (visual analogue scale) to collect scores of pleasant/unpleasant, soft/hard, smooth/rough for each texture, using a slide bar manipulated on-screen with a computer mouse. During subjective ratings, a partition to occlude vision of the sample stage was placed over the hand and touch sensor. Participants rated all three textures on all VAS in their own time. No touch sensor or EEG data were recorded at this time. 
Pace training
[bookmark: _Hlk95997476][bookmark: _Hlk95311575]The pacer task trained participants to explore the texture samples at approximately 5.5 cm/s to avoid large variations in finger movement speeds between participants. Participants were instructed to complete four sweeps of a plastic stage lined with a 100mm by 40mm strip of PVC electrical insulation tape, beginning and ending on the left side of the stage. A white dot was presented on a black screen, the dot moved horizontally across the screen in 1.5 s denoting one sweep. Participants followed the pacer dot with their index finger for as many repetitions as they wanted to train movement speed. The pacer dot was not shown during experimental trials of the active touch task. When participants felt confident with the pace, they completed five practice trials while the researcher visually assessed their pace and ability to perform the finger abduction movement. If their pace was inadequate (deemed to differ from 5.5 cm/s), they completed the pace training and practice trials again. During the active touch task, the researcher visually inspected participants’ pace via the touch sensor recording app. The pacer dot was used to retrain participants between blocks if pace started to visually differ from 5.5 cm/s.
[bookmark: _Ref87264994]Active touch task
The active touch task consisted of three blocks which each encompassed three sub-blocks representing one texture. Participants experienced all three textures during each block. Blocks were repeated three times in a pseudo-randomised order which was counter-balanced between participants. Each sub-block contained 18 consecutive trials, totalling 54 trials for each texture over the course of the experiment.
Each trial consisted of a baseline period (4 s), touch experience (6 s) and recovery period (4 s). The baseline period was indicated by a white fixation cross on the screen, during which participants did not touch the texture. The touch experience began when the fixation cross turned from white to green, during which participants completed four sweeps of the texture: placing their index finger down on the left side of the texture sample, sweeping to the right then sweeping back to the left, and repeating before removing their index finger from the texture. The recovery period was indicated by the fixation cross turning from green to white, during which the participant did not touch the texture. At the end of each sub-block, participants were asked to rate how pleasant/unpleasant the texture was on a 100-point VAS. At the end of each sub-block, the researcher checked that participants were comfortable and changed the stage to present the next texture sample.
Recordings
EEG data were recorded continuously using a 129-channel Geodesics EGI System (Electrical Geodesics, Inc., Eugene, Oregon, USA) and a sponge-based HydroCel Sensor Net. The net positioning was aligned to three anatomical landmarks, two preauricular points and the nasion. Electrode impedances were kept below 50 kΩ. A recording band-pass filter was set at 0.001 – 200 Hz with a sampling rate of 1000 Hz. Electrode Cz was used as a reference electrode for recording.
Finger load, representing downward pressure on the texture, finger position along a unidimensional axis across the texture sample, and time relative to the trial-onset marker (fixation cross) were recorded using a Hopkinson Research Touch sensor (Hopkinson Research, Wirral, UK), with a sampling rate of 1000 Hz. 
Pre-processing
EEG pre-processing was conducted using BESA v 6.1 (MEGIS GmbH, Germany). Eye blinks and electrocardiographic artefacts were removed using principal component analysis [64]. Data were filtered with a notch filter (50 Hz ± 2 Hz) and a visual inspection of data for the presence of any movement or muscle artefacts was performed. Trials affected by artefacts were excluded from subsequent analyses. EEG signals were down-sampled to 256 Hz and were re-referenced using the common average method [65]. 
Touch sensor data were cleaned and visually inspected using in-house software developed in Python 3 [66]. Position data were smoothed across time points using a Gaussian kernel (σ = 20), with 20 samples representing a window of 20 ms. Active touch timings (touch down; end of sweeps one, two and three; and lift off) were calculated relative to the trial-onset cue displayed on the LCD monitor. Trials were rejected when index finger touch down occurred one second or more after the trial-onset marker or less than 200 ms after the trial-onset marker. The latter step was implemented to remove trials where participants kept their finger on the touch sensor between trials. Furthermore, trials were rejected when index finger lift off occurred greater than one second after the trial-offset marker, or greater than two seconds before the trial-offset marker. Touch data were segmented into overlapping time windows to capture and extract active touch timings, with each time window individualised to the trial. The first time window captured touch down and the end of sweep one, the second captured end of sweep two, and the third captured the end of sweep three and lift off. Trials were removed if participants missed a sweep. Subsequently, data were filtered by texture and Z-scored were calculated for sweep duration and total load. Trials were removed when the Z score was ± 2 deviations from the normal distribution.
[bookmark: _Hlk96597893][bookmark: _Hlk96597832]After EEG and touch sensor pre-processing was complete, the average number of trials and standard deviation per subject for ERD analysis in each condition was: silk, 27.57 ± 8.56; brushed cotton, 28.88 ± 8.86; hessian, 27.65 ± 7.90, the average number of rejected trials per condition was 25.96 ± 8.36. The number of accepted trials did not differ across conditions . 
Analysis
Time-locked ERD analysis was conducted using synchronised EEG and touch sensor data. Active touch timings, computed relative to the trial-onset visual cue on a trial-by-trial basis, were synchronised to EEG data. These individualised active touch timings included touch-onset, end of sweep one, two and three, and touch-offset. EEG data epochs were calculated using the touch sensor triggers and average sweep length to give four time-locked touch epochs per trial. 
[bookmark: _Hlk95836687][bookmark: _Hlk95836942]The power spectra were computed in MATLAB (The MathWorks, Inc., USA) using Welch’s power spectral estimate method. The power spectra were calculated from EEG data 
-4 s to 7.5 s relative to the trial onset visual cue and were then split into touch epochs. The power spectra were computed in 1 s windows shifted in overlapping 0.01 s steps. Data were smoothed using a Hanning window. The power spectral densities were estimated in the range of 1-80 Hz with a frequency resolution of 1 Hz. The baseline period utilized for analysis was 0.5 s to 3.5 s of the four second rest period prior to each trial. Relative band power (RBP) changes in alpha- (8-12 Hz) and beta-band (16-24 Hz) were evaluated in each of the three texture conditions using the ERD transformation [42,52].

In the above equation,  is a measure of RBP during active touch epochs ( relative to rest during the baseline period (). Negative values of  refer to the amplitude decreases of band power which signify the presence of cortical activation (ERD). In contrast, positive  values refer to the amplitude increases of band power (ERS). 
Mean total load (g) and sweep duration (s) were computed for each sweep exploration and analysed using a 3×4 repeated measures analysis of variance (ANOVA), with three levels of texture (silk, brushed cotton, and hessian) and four levels representing sweeps one to four across the texture. The Greenhouse-Geisser epsilon correction was used for all ANOVA analyses to account for any violation of the sphericity assumption.
[bookmark: _Hlk95313710][bookmark: _Hlk95829632]Mean pleasantness, smoothness, and softness ratings for each texture were calculated for all 35 participants (± 2 SD). Ratings were evaluated using 2×3 repeated measures ANOVAs with two levels of time (initial and final) and three levels of texture (silk, brushed cotton, and hessian). Significant interaction effects were further examined using post hoc t-tests or Wilcoxon signed-rank tests for data that violated the Shapiro-Wilk test of normality, the Bonferroni correction was used to account for multiple comparisons.  
Changes in ERD/S were investigated separately for alpha- and beta-band across 128 electrodes using 1×3 repeated measures ANOVAs. Permutation analyses with 5000 repetitions, implemented using statcond.m in the EEGLab library [67,68], identified electrodes showing significant differences between textures (). Secondly, we removed electrodes which demonstrated minimal changes in power from baseline, as these are unlikely to be involved in event-related sensory changes between texture conditions. Implementation of this second step was performed by calculating grand average ERD/S changes for all textures in each electrode identified from the permutation analyses. One sample t-tests with significance thresholds of   (uncorrected) were conducted on each grand average value to confirm that electrode ERD differed significantly from zero, i.e., that they demonstrated a significant change from baseline during sensory processing for all conditions. Electrodes that did not exhibit genuine changes during sensation were excluded from analysis of between-texture differences. 
Repeated measures analysis of covariance (ANCOVA), performed with BMDP2V program [69], were utilised to investigate whether subjective ratings for each texture were related to differences in ERD/S. ANCOVAs were performed separately for electrodes identified as demonstrating significant differences between textures from the ANOVA analysis, with subjective ratings of pleasantness, smoothness and softness implemented as covariates.

Results
Subjective ratings
[bookmark: _Hlk95829473]Mean subjective ratings for each texture are shown in Figure 3. 2×3 ANOVAs indicated statistically significant interactions between the effects of texture (silk, brushed cotton, and hessian) and time (initial and final). Interactions were identified in ANOVAs investigating pleasantness,; softness,; and smoothness,. Significant main effects of texture were identified for pleasantness, ; softness, ; and smoothness, . Pairwise comparisons revealed a reduction in pleasantness, softness and smoothness for hessian compared to brushed cotton and silk . Additionally, brushed cotton was revealed to be less smooth  and less pleasant  than silk. Post-hoc tests revealed that, over time, hessian was perceived as progressively rougher,  and harder .


[image: ]
Figure 3. Raincloud plots [67] showing the distribution of mean subjective ratings, (A) pleasantness rating, (B) softness rating, and (C) smoothness rating, for textured stimuli for both initial and final hedonic ratings. The half violin plots depict the probability distributions of the data. The individual dots show data points from each participant. The boxplots indicate the median, upper and lower quartiles, as well as the interquartile range (IQR) between the 25th and 75th percentile, whilst the whiskers represent scores outside of the IQR. Statistically significant differences are denoted as * for <.05, ** for <.01 and *** for <.001.


Touch behaviour
Mean values of total load were 44.01 ± 4.13 g (mean ± standard error) in sweep one, 50.44 ± 5.05 g in sweep two, 49.5 ± 4.13 g in sweep three and 56.76 ± 5.96 g in sweep four. Figure 4 depicts a case example of load and duration over one trial. A 3×4 repeated measures ANOVA, with three levels of texture and four levels of sweep, revealed a significant main effect of sweeps, . Pairwise comparisons revealed a significant reduction in total load (g) for sweep one compared to sweeps two, three, and four . Additionally, sweep four demonstrated significant increased total load (g) relative to sweep two and three . [image: ]
Figure 4. Line plot depicting load (g) for one complete trial for all three textures, with markers denoting the sweep time.


Mean duration (s) for each sweep were 1.17 ± 0.02 s (mean ± standard error) in sweep one, 1.30 ± 0.02 s in sweep two, 1.37 ± 0.02 s in sweep three and 1.50 ± 0.03 s in sweep four. A 3×4 ANOVA was performed on sweep duration (3 textures x 4 sweeps). Results indicated a significant main effect of sweep . Pairwise comparisons revealed a significant increase in sweep duration (s) over the duration of the trial for all sweeps , with sweep 1 and 4 showing the largest difference (0.332) and sweep 2 and 3 showing the least difference (0.068).
Differences in load and duration are possibly due to touch down and lift off, which have the potential to confound EEG interpretation. Therefore, sweep one and sweep four were excluded from the subsequent ERD analysis and EEG data were averaged over sweeps two and three.
ERD/S
During active touch exploration, alpha-band ERD was evident bilaterally over central electrodes representing sensorimotor regions (Figure 5A). Alpha-band ERS were prominent over the midline and ipsilateral occipito-parietal electrodes. Beta-band ERD was distributed bilaterally over central electrodes (Figure 5D). Electrodes manifesting statistically significant effects of texture, were identified for alpha- (Figure 5A) and beta-bands (Figure 5D). The analysis, comprising permutation analyses with 5000 repetitions () and one sample 
t-tests (uncorrected ), identified three electrodes which demonstrated a significant effect of texture on alpha- and beta-band oscillations. 
[bookmark: _Hlk95312886]A statistically significant effect for texture was found for alpha-band overlying left central parietal regions (electrode 42, CP3 according to the 10-10 system [70]) which corresponds to contralateral sensorimotor areas. The effect of texture, , was revealed to be due to hessian eliciting a stronger ERD than silk, as shown in Figure 5C. 
[bookmark: _Hlk95313100]In beta-band, statistically significant effects of texture were found overlying left parietal regions (electrode 52, P3 according to the 10-10 system [70]) and right central parietal regions (electrode 87, CP2 according to the 10-10 system [70]), both of which correspond to contralateral and ipsilateral sensorimotor areas, respectively. The effect of texture over contralateral sensorimotor region, , was revealed to be due to silk eliciting a significantly greater degree of ERD relative to hessian and brushed cotton . Over ipsilateral sensorimotor regions the effect of texture, , was revealed to be due to hessian eliciting a significant reduced degree of ERD compared to silk  and brushed cotton . ERD values for electrodes 52 and 87 are displayed in Figure 5C, Figure 5F, and Figure 5H, respectively.


[image: ]
Figure 5. Band power changes for each texture condition (silk, brushed cotton, and hessian). Grand average topographic maps of each frequency band of interest, alpha- (A) and beta-band (D), are shown alongside an overhead view of electrodes showing statistically significant changes (p< .05). Time–frequency spectrograms for electrode 42 (B), 52 (E) and 87 (G), are pictured below the corresponding frequency band and condition. Raincloud plots [67] showing grand average alpha-band ERD/S values for textures conditions for electrode 42 (C), 52 (F) and 87 (H), are presented under the corresponding frequency band. The half violin plots depict the probability distributions of the data. The individual dots show data points from each participant. The boxplots indicate the median, upper and lower quartiles, as well as the IQR between the 25th and 75th percentile, whilst the whiskers represent scores outside of the IQR. Statistically significant differences are denoted as * for <.05, ** for <.01 and *** for <.001.

Covariate analysis
Repeated measures ANCOVAs were computed in electrodes demonstrating significant differences in ERD/S between textures, with subjective ratings of pleasantness, smoothness and softness as covariates. Results indicated that smoothness ratings significantly covaried with differences in alpha-band ERD observed in electrode 42 overlying contralateral sensorimotor areas . After controlling for the smoothness ratings, the main effect of texture on alpha-band ERD was not significant . Softness ratings were identified as a significant covariant for changes in beta-band ERD recorded in electrode 52 over contralateral sensorimotor areas, , and controlling. Controlling for softness ratings led to an increased in significance for the main effect of texture . No significant covariates were found for electrode 87 in beta-band. 

Discussion 
[bookmark: _Hlk87436542] Previous literature has provided insights into the cortical processing of texture during passive touch [10,13,30], however cortical processing during active touch is poorly understood. The present study aimed to establish how texture perception is processed during active touch by assessing oscillatory changes in alpha- and beta-bands. Active touch stimulation of the index finger produced expected bilateral alpha- and beta- ERD over sensorimotor regions for all textures (Figure 5), with differences across stimuli observed. Furthermore, texture-related differences in alpha- and beta-band ERD covaried with subjective ratings of smoothness and softness. For the first time, we quantified parameters of active touch exploration using a novel fusion of touch sensor and EEG data streams which facilitated the investigation of ERD/S during each time-locked active touch experience.
[bookmark: _Hlk95311068]Ipsi- and contralateral increases in beta-band ERD over sensorimotor regions were observed for silk and brushed cotton, relative to hessian. Differences in the modulation of beta-band activity may be attributed to variations in textural properties, with silk and brushed cotton rated as more smooth, soft, and pleasant when compared to hessian. Covariate analysis found ratings of perceived softness exerted a confounding effect for ERD differences in beta-band activity over the contralateral sensorimotor region. Controlling for the influence of individual differences in softness ratings between stimuli improved the sensitivity of analyses for changes in electrophysiological processing between textures. Suggesting beta-band ERD, in part, is likely modulated by differences in the micro-geometric properties of the texture such as softness. According to the duplex theory [20], vibrational cues mediate tactile perception of fine textures [25]. Therefore, the stronger beta-ERD in both contra- and ipsilateral central-parietal electrodes for the smoothest texture (silk) compared to a coarse texture (hessian) may be related to increased high-frequency vibrations from tactile elements. Brushed cotton likely generated less high-frequency vibrations compared to silk which explains the finding of an increased beta-ERD for bushed cotton compared to hessian only in the contralateral central-parietal electrode. As described, covariate analysis suggests that modulation of beta-band ERD is likely related to the processing of vibrotactile cures rather than hedonic perception. Thus, our findings on texture modulation during active touch accord with previous studies reporting an increased neural activation for physical properties of smooth compared to rough textures [12,13]. 
Interestingly, alpha-band ERD was greater in electrode 52 located over contralateral sensorimotor region during exploration of hessian, the roughest texture, compared to silk. This contradicts our hypothesis of increased ERD for fine compared to rough textures, although at present there is little research investigating active touch using EEG methods. Covariate analysis identified that subjective smoothness ratings accounted for the variation in alpha-band ERD, indicating that individual differences in perceived smoothness account for the differences seen in alpha-band ERD during texture processing. Rough textures increase activation of Merkel cells through pressure and skin deformation, whereas Meissner corpuscles and Pacinian corpuscles modulate finer textures through high-frequency vibrations [21–24]. Hessian is more likely to activate Merkel cells than brushed cotton and silk due to the increased spatial period of tactile elements [23,71–73]. Alpha-band activity may be modulated by roughness due to activation of Merkel cells and Meissner corpuscles, similar to the modulation of low- and high-frequency vibrotactile stimuli by SI and SII respectively [27–29]. Although greater alpha-band ERD has recently been observed when decreasing the stimulus roughness during passive stimulation of the fingertip [12]. Further research investigating texture perception during active touch is necessary to fully delineate how varying textural properties modulate oscillatory activity. 
[bookmark: _Hlk95996741]ERD analysis uncovered novel differences in oscillatory processing between conditions. This suggests that accurate data fusion is essential for time-locking ERD/S to the onset/offset of touch, as well as to remove noisy or incomplete trials and confounding elements of the touch experience. Investigation of active touch in relation to oscillatory changes likely requires rich touch data at the trial level to support the high temporal resolution of EEG methods [74]. In future, recording of touch data will facilitate the investigation of different physical properties of touch and their effect on neural processing, such as the effect of friction [75].
 Although the current study has greater ecologically validity than previous paradigms  [8], it does not fully represent natural touch experiences due to EEG laboratory settings and the use of hand and wrist supports and pace training for tactile exploration. Further, participants were exposed to the texture stimuli repeatedly over the testing period, which may reduce task engagement [76] or lead to sensory desensitisation [77,78]. However, repeated trials are necessitated by the ERD method [79]. Future use of continuous trials may be a more naturalistic and stimulating way to circumvent these problems. Furthermore, data were subjected to two stages of trial rejection (25.96 ± 8.36 trials rejected per texture). As a result, there were insufficient trials to compute grand average ERD/S per experimental block. Consequently, investigating the impact of time on ERD/S was beyond the scope of this study. 
[bookmark: _GoBack][bookmark: _Hlk101541784]Additionally, this study is limited by the age of the population. Movement-related beta-band ERD increases with age in healthy populations [80–84] and has been linked with the inhibitory neurotransmitter GABA, which has been found to decline with age [85–87]. The present study included participants ages 20-65, although the mean age was 28.03 ± 11.06, therefore findings may not be generalisable to the aging population. Further, the final sample included four left-handed participants. The researcher ensured participants could comfortably perform the finger abduction movement with their right hand. Therefore, handedness did not impact task performance.
Total load during the first and final sweep of the index finger differed significantly. Muscle contractions increase during flexions and extensions of the wrist [88,89]; this additional wrist movement, present at touch onset and offset, may contribute to differences in total load observed during the first and last sweep. Further, voluntary movement is preceded by motor preparation which manifests as beta-band ERD, with the last sweep also likely to contain wrist movement preparation [40,51,90,91]. Therefore, motor preparation and additional wrist movements have the potential to confound ERD/S interpretation [92]; consequently, the first and final sweeps were excluded from the ERD analysis, allowing one to assess the periods most likely to display texture processing. 
The novel fusion of EEG and touch data, allowing for the computation of accurate active touch timings and time-locking, was found to be crucial when analysing EEG data during active touch. Touch sensor technology should be implemented where feasible in subsequent investigations of neural correlates of active touch. The use of targeted active touch exploration highlighted differences in brain oscillatory activity due to texture perception. Beta-band differences in sensorimotor areas expand on previously observed ERD changes during passive touch, whereas alpha-band ERD showed a divergence from previous passive touch research. Further research to consider physical parameters of active touch can aid our understanding of brain processing of tactile perception and texture, which, may ultimately aid our understanding of debilitating conditions such as complex regional pain syndrome or other neuropathic pain syndromes which are accompanied by sensorimotor abnormalities [93,94]. Although, one must first understand the neural underpinning of active touch in healthy individuals so we can make comparisons to clinical conditions.
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