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Abstract— The efficient control of our body and successful 

interaction with the environment are possible through the 
integration of multisensory information. Brain-computer 
interface (BCI) may allow people with sensorimotor disorders to 
actively interact in the world. In this study, visual information 
was paired with auditory feedback to improve the BCI control of 
a humanoid surrogate.  

Healthy and spinal cord injured (SCI) people were asked to 
embody a humanoid robot and complete a pick-and-place task by 
means of a visual evoked potentials BCI system. Participants 
observed the remote environment from the robot’s perspective 
through a head mounted display. Human-footsteps and 
computer-beep sounds were used as synchronous/asynchronous 
auditory feedback. 

Healthy participants achieved better placing accuracy when 
listening to human footstep sounds relative to a computer-
generated sound. SCI people demonstrated more difficulty in 
steering the robot during asynchronous auditory feedback 
conditions. Importantly, subjective reports highlighted that the 
BCI mask overlaying the display did not limit the observation of 
the scenario and the feeling of being in control of the robot. 

Overall, the data seem to suggest that sensorimotor-related 
information may improve the control of external devices. Further 
studies are required to understand how the contribution of 
residual sensory channels could improve the reliability of BCI 
systems. 
 

Index Terms— BCI, SSVEP, Spinal Cord Injury, 
Teleoperation, Body Ownership, Humanoid. 

I. INTRODUCTION 
orldwide every year between 250 and 500 thousand 
people suffer from dramatic mobility impairments 

following a spinal cord injury (SCI) [1]. Brain computer 
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interfaces (BCIs) allow people to control and move external 
devices without the use of muscle activity. Indeed, although 
limited, cohort studies (see [2] for a review) have successfully 
used BCI systems with SCI people for spatial and navigational 
tasks (see [3,4,5] for 2D spatial control; see [6] for exploration 
of a virtual scenario).  

BCI systems based on motor imagery (MI) depend on users' 
ability to modulate brain activity by imagining, for example, 
tongue or upper/lower limb movements. The imagery-related 
changes in sensorimotor rhythms are translated into 
commands for controlling external devices [7,8,9,10,11] and 
simulating walking behavior within virtual environments 
[6,12,13,14,15]. On the contrary, BCIs based on steady state 
visually evoked potentials (SSVEP) and P300 (an evoked 
potential with a positive deflection peaking 300ms after the 
appearance of an attended stimulus) require users to focus 
their attention on the flashing stimulus corresponding to the 
desired command (see also [16] for a BCI SSVEP interface 
with eyes closed). The elicited SSVEP response frequency and 
P300 can be used for 2D spatial navigation [17], the remote 
control of an external device [18,19,20] or small robots and 
humanoids [21,22,23,24], driving a real wheelchair [25] and 
for virtual spatial navigation [26]. 

It has been suggested that the possibility for a BCI-user to 
experience the sensory effects of a selected action may 
increase BCI performance and the feeling of owning the 
external device [27,28]. Nonetheless, the remote control of a 
robot highly differs from human walking in several respects. 
First, remote devices provide reduced or absent sensory 
feedback (i.e. visual feedback depends on the camera field-of-
view) and second, efferent signals are substituted by a preset 
of commands to instruct the robot. Interestingly, the use of 
vibratory stimulation as additional feedback for closed-loop 
BCI-control may improve BCI accuracy based on MI tasks 
[29,30,31,32] with recent studies highlighting the possible 
importance of body ownership [28,33] for increasing BCI 
accuracy and, ultimately controlling external devices more 
effectively.  

Non-visual senses are fundamental for human-environment 
interactions, examples being how tactile feedback assists 
navigation in the dark or how a voice helps the body to orient 
itself toward the source of the sound. Moreover, passively 
listening to hand action-related sounds produces facilitation of 
the cortico-spinal excitability of the hand but not of the leg 
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[34]. Thus, processing action-related sounds may facilitate the 
cortical network involved in the planning and production of 
specific motor programs [35]. Visual information can be 
paired with auditory feedback, for example in order to steer a 
humanoid robot which is remotely controlled by a SSVEP-
BCI interface. Each time the robot makes a step, the BCI user 
hears auditory feedback that is synchronous or asynchronous 
with the robot’s movement. Recent use of this method found 
that footstep sounds synchronous with the visual feedback 
reduced the time required to accomplish the walking task [36]. 

 In the present study a group of healthy subjects and a 
small sample of SCI people were tested. Participants donned a 
head mounted display (HMD) and were asked to remotely 
control a robot through a SSVEP BCI system based on 
electroencephalographic (EEG) signals. Participants’ ability to 
use auditory feedback to navigate and act in a remote 
environment was assessed, along with the subjective 
experience in terms of BCI usability and feelings of ownership 
over the controlled surrogate. 

II. MATERIALS AND METHODS 

A. Participants 
19 healthy participants and 6 SCI people were recruited. 5 

healthy subjects had to be excluded from the initial sample 
(one had stomach-ache and nausea after the first experimental 
session and four did not pass the initial BCI assessment, see 
section 2.2) in addition to 3 SCI people (due to failure in 
passing the initial BCI assessment, see 2.2 section). 
Consequently, the final sample consisted of 14 healthy 
participants (mean age ± st.dv. 25.80 ± 6.00, 6 females) and 3 
people who had suffered traumatic spinal cord injury (27.00 ± 
4.00; see Table 1 for details). Two SCI patients had tetraplegia 
(cervical spinal cord lesion, C4-C5) and one had paraplegia 
(thoracic spinal cord lesion, D4), with the time since lesion 
onset ranging from 25 to 100 months (73.00 ± 41.67). The 
completeness of the lesion was defined according to the 
concept of sacral sparing: sensory preservation of the perianal 
zone and/or motor function of the external anal sphincter 
(preservation of the lower sacral segments, [37]). Patients 
were screened for participation at the IRCSS Fondazione 
Santa Lucia and all participants had normal or corrected-to-
normal visual acuity in both eyes. 

 The experimental protocol was approved by the ethics 
committee of the Fondazione Santa Lucia and was carried out 
in accordance with the ethical standards of the 1964 
Declaration of Helsinki. All participants were naïve to the 
purposes of the study and gave their written informed consent 

to take part. No discomfort or adverse effects were reported or 
noticed in the final sample at any time during the experiment. 

 

B. Brain Computer Interface 
Eight Ag/AgCl active electrodes were placed on the POz, 

PO3, PO4, PO7, PO8, O1, O2, and Oz positions of the 
International 10–20 system. A g.USBamp (24 Bit biosignal 
amplification unit, g.tec Medical Engineering GmbH, Austria) 
was used to acquire EEG signals at 256 Hz with a band-pass 
(0.5–30 Hz) and a notch filter at 50 Hz. FPz was used as a 
ground electrode, with the right earlobe as a reference. 

 The frequencies were selected to avoid first or second 
harmonics and to minimize the risk of eliciting seizures in 
healthy subjects [38]. Critical frequencies fall in the range of 
15–25 Hz (see also [39] for the use of high frequencies with 
high SSVEP BCI accuracy and reduced level of discomfort). It 
is worth noting that some individuals may be sensitive to the 
greater rapidity of flashing stimuli [38]. The SSVEP feature 
consists of the so-called “hybrid-mask”: the 3D textured CAD 
model of a given object of interest is rendered on top of its 
counterpart on the image, and flickers by alternating between 
similarly textured and uniformly colored models of the given 
object. This SSVEP pattern proves to have the best 
performance in our set-up. Indeed, in a previous study [40] we 
have investigated the optimal pattern in terms of user-
preference and performance that we used in this experiment.. 
Thence, SSVEPs were extracted from the EEG signal using a 
minimum energy classifier [41,42] with a buffer of 512 
samples (2 seconds) [40] and the selected frequencies of the 
flashing stimuli were 6, 8, 9, 10, and 14 Hz. SSVEP BCI 
classifier delivered a new output every 200ms (5Hz). Robot 
task are triggered from object’s affordance. The objects 
populating the scene are known a priori; their 3D CAD model 
is obtained in order to be rendered graphically. Vision 
recognition of the object is trained off-line so that during 
usage, they are recognized when they appear in the field-of-
view of the robot’s embedded camera. Once recognized, their 
associated graphical models are superposed using state-of-the-
art augmented reality techniques. Objects are paired with 
associated tasks and triggering an interest on an objects by 
means of SSVEP allow the suitable task to be triggered 
without the need for the user to steer the whole body motion 
of the robot. 

Before the beginning of the task (see Section 2.3) a short 
BCI training (6 min) classified and categorized 6 different 
classes (5 frequencies + a zero class) with 100% accuracy for 
all participants. Importantly, a customizable BCI-interface was 
developed and 4 of the 5 original frequencies were selected 
during the assessment phase depending on the user’s ability. 
In particular, during the BCI-assessment procedure, 
participants were asked to focus their attention on one flashing 
stimulus at a time. An exclusion from the main experiment 
was the frequency not stably recognized by the classifier for at 
least 6 consecutive seconds. This procedure provided an 
indication about the real-time accuracy of the BCI and in case 
a participant had difficulty with more than one frequency, a 

TABLE I 
CLINICAL AND DEMOGRAPHICAL INFORMATION OF SCI PEOPLE. 

Patient Gender Age Lesion 
level AIS 

Months 
from 
lesion 

Etiology 

1 M 22 C4-C5  B 100 cliff diving traumatic 

2 M 31 C4  A 94 motorcycle 
accident traumatic 

3 M 27 D4 A 25 motorcycle 
accident traumatic 
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second BCI training phase was undertaken. If at the end of the 
second training session the specified criteria (continuous 
selection of 4 out of 5 frequencies for 6 seconds) was not met, 
the participant was thanked and dismissed.  

 

C. Procedure and Task description 

 Participants were invited to assume a comfortable and 
upright position, wearing a g.tec EEG-cap (8 channel 
configuration for SSVEPs recording, see section 2.2) and 
completed the BCI-training and assessment phases. The task 
was an adapted version of a previous study based on a 
SSVEPs-BCI system [36]: participants, located in Rome 
(Italy), instructed HRP-2 (located in Tsukuba, Japan) to grasp 
a bottle from a table, walk through a narrow passage until 
reaching a second table and drop the object as close as 
possible to two concentric circles (see Figure 1). Moreover, to 
increase any possible embodiment feelings towards the robot, 
a mirror was placed along the path to provide visual feedback 
of the robot’s body (the reflected image of HRP-2) during the 
walking phase. Participants were asked to complete the task as 
quickly and accurately as possible.  
 Importantly, whenever the BCI recognized a command 
(e.g., top arrow), the corresponding icon border was 
highlighted in green (from black to green, see Figure 2 A-B) 
indicating the current BCI state (visual class-dependent 
feedback). Moreover, during the task participants received 
auditory class-independent feedback in the form of either 
footstep sounds or a computerized beep. Participants observed 
a change in robot’s video feedback after about 800ms 
(∼400ms to send information to Japan, ∼400ms to receive 
robot’s cameras feedback in Italy). Sounds were delivered in 
Italy and could be synchronous or asynchronous with the 
HRP-2 robot’s actual footsteps (interleaved by 800ms) since 
information regarding the state of the feet were received 
synchronously with the video feedback. The role of this 

feedback on the ability to steer the robot was the goal of our 
study. In particular, in the synchronous condition the 
corresponding video image was matched to the robot’s feet 
making contact with the ground as it was streamed from Japan 
to Italy. Hence with every footstep, auditory feedback was 
synchronously delivered to the BCI-user located in Italy. In 
the asynchronous condition, the feedback was provided within 
a randomly selected time interval of 100-700ms after the 
robot’s contact with the ground. Therefore, according to the 
robot’s footsteps, auditory feedback was delivered to the BCI-
user synchronously or asynchronously with the video 
feedback. In this way, a 2 × 2 design with Onset 
(Synchronous, Asynchronous) and Sound (Footstep, Beep) as 
within subjects factors was set up.  

The study consisted of seven phases: i) a learning trial in 
which the experimenter verbally assisted BCI-users during the 
task, ii) a baseline trial in which no feedback sound was 
provided, iii) the main experiment with the four experimental 
conditions, counterbalanced across subjects iv) a final baseline 

 
Fig. 1.  Participants located in Rome (Italy) controlled an HRP-2 humanoid 
robot located in Tsukuba (Japan) via a SSVEPs-BCI system. The subjects 
instructed the robot to grasp a bottle placed over a table (marked in green as 
“1”) and then guided the robot through a passage to drop the object as close 
as possible to a target location marked with two concentric circles on a 
second table (marked in green as “2”). 

TABLE II 
QUESTIONS ADMINISTERED TO ALL THE PATICIPANTS AND HEALTHY SUBJECTS’ ANSWERS AFTER EACH EXPERIMENTAL CONDITION 

Subjective 
Experience 

Items and Questions 
Participants rated their agreement with each sentence on a 0-100 
scale (nothing-completely). Questions were adapted from previous 

studies [44,45] 

Healthy 

Foot Beep 
Sync Async Sync Async 

Presence 
Q1 Place Illusion I had the sensation of being where the 

robot was. 36.35 ± 9.13 37.85 ± 8.79 39.42 ± 8.71 39.57 ± 8.6 

Q2 Plausibility There were moments that the images I 
saw were reality. 30.92 ± 8.6 37 ± 8.39 33.92 ± 9.42 30.28 ± 9.27 

Embodiment 
Q3 Experimental It was as if the robot were my body. 35 ± 9.4 30.35 ± 8.94 28.35 ± 7.58 33.57 ± 8.53 

Q4 Control It was as if I had two bodies (here and 
there). 33.35 ± 8.94 27.85 ± 9.2 28.42 ± 8.15 26.78 ± 8.6 

Feeling of Control 
Q5 Control-A The robot executed my commands. 77.71 ± 4.32 80.85 ± 3.92 73.21 ± 5.78 79.5 ± 4.01 

Q6 Control-B I felt in control of robot's / avatar's 
actions. 76.5 ± 4.82 74.64 ± 5.55 65.28 ± 7.15 71.92 ± 4.52 

BCI Interface 

Q7 Attention to 
Environment 

I could pay attention to the 
environment displayed. 68.71 ± 5.8 69 ± 5.33 60.71 ± 6.06 65.64 ± 6.56 

Q8 BCI interface It was easy commanding through the 
BCI interface. 66.85 ± 5.93 68.14 ± 6.82 65.71 ± 7.1 75.71 ± 5.64 

Q9 Flashing Stimuli It was easy looking at the flashing 
stimuli. 60.64 ± 8.95 68.92 ± 7.94 69.5 ± 8.08 72.57 ± 7.71 

Illusory Movement 
Q10 Illusory Movement-A It was like walking (as if my legs were 

actually moving). 26.85 ± 8.66 25.42 ± 7.82 22.57 ± 7.52 27.14 ± 8.62 

Q11 Illusory Movement-B I had the feeling of swaying along with 
the robot. 27.28 ± 6.89 32.78 ± 8.44 35.85 ± 8.94 28.07 ± 8.16 
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trial. Except for the learning phase, no verbal advice was 
given to subjects during the task. 

 

D.  Graphical user interface 
During the walking phase, four flickering commands 

allowed participants to send the robot instructions 
(parameterized task-motion primitives, e.g. walk (direction, 
speed) or grasp (gripper, object)) to move leftward, rightward, 
forward or stop (Figure 2a). It is important to note that the 
robot is constantly walking and that the arrows control the 
velocity of the robot's centre of mass. When the BCI 
recognized one of these possible commands, the 
corresponding border of the symbol changed color (from black 
to green, Figure 2b). Thus, this class-dependent feedback was 
updated every 200ms and signalled to the BCI users whether 
the system was correctly or incorrectly categorizing their 
intentions.  

In the grasping phase, the arrows and stop commands were 
not visible, and the bottles, present within the field-of-view 
(FOV) of the robot, started flickering at 6, 8 and 9 Hz (Figure 
2c and 2d). The user focused her/his attention on one bottle 
and instructed the robot to grasp it. HRP-2 autonomously 
repositioned itself according to the position of the bottle, 
selected the arm and completed the grasping action whilst 
avoiding possible collisions with the table following a 
checkpoint trajectory [36]. Importantly, since SSVEPs’ 
classification algorithm delivers a new output every 200ms we 
adopted an enforced selection procedure (a command was sent 
to the robot if the user holds his selection for 2 seconds) for 
the grasping phase to avoid conveying signals to the robot 

when the user did not want to (“Midas Touch” problem, [43]). 
The dropping phase was accomplished using a recursive 

selection coupled with the enforced selection as described in 
our previous work [36]. HRP-2 autonomously estimated the 
height of the drop spot through the RGBD camera mounted on 
the robot and implemented a soft-drop strategy by controlling 
the arm’s speed [36]. 

E.  Data Analysis 
The following data were collected: i) the total time to 

complete the task (T-time), ii) the time required to steer the 
robot from the first to the second table (walking time, W-time) 
iii) the distance between the target position and the actual 
position of the bottle at the end of the task (placing accuracy, 
P-Acc), iv) the total commands sent to the robot during the 
walking phase (Commands) and v) the times the robot stopped 
between the first and second table (i.e., the BCI classifier 
categorized a “zero class”). 

Moreover we computed for each participant the information 
transfer rate (ITR, bit/sec) using the following formula derived 
from [44]: 

 

𝑩 = 𝑙𝑜𝑔! 𝑁 +  𝑃 𝑙𝑜𝑔! 𝑃 + 1 − 𝑃  𝑙𝑜𝑔!
1 − 𝑃
𝑁 − 1

 

𝑰𝑻𝑹 = 𝐵/𝑇 
 

where B is the ITR in bit rate (bits/symbol), 𝑁 = 4 is the total 
number of possible selections, P is the probability of correct 
detection and T = 0.2 (seconds/selection) is the time required 
to output one BCI command. Importantly in our self-paced 
BCI application non-control (zero-class, where the subjects 

 
Fig. 2.  The graphical interface embedded within the HMD for the left and 
right eye (A). Whenever the BCI recognized a command (e.g., top arrow, 
forward-command), the corresponding icon border was highlighted in green 
(B). C and D show the 3 objects and the 3D textured CAD models rendered 
on top of the counterpart on the image. 
  

TABLE III 
RAW ITR FOR EACH PARTICIPANT IN EACH EXPERIMENTAL CONDITION 

Participant Mean Baseline 
Foot Beep 

Sync Async Sync Async 

S1 n.a. n.a. n.a. n.a. n.a. 

S2 n.a. n.a. n.a. n.a. n.a. 

S3 3.47 2.20 2.12 3.86 2.73 

S4 2.95 3.81 2.74 2.45 2.53 

S5 4.53 4.13 3.85 3.83 3.94 

S6 3.51 4.15 5.04 3.07 3.60 

S7 3.68 3.82 4.46 5.47 5.35 

S8 3.50 3.76 3.08 3.48 4.39 

S9 4.34 5.65 4.91 3.47 4.56 

S10 1.58 4.22 1.65 5.45 3.73 

S11 3.46 3.48 3.98 3.04 2.46 

S12 3.25 1.73 4.10 3.64 4.32 

S13 4.60 3.75 3.99 3.15 4.31 

S14 1.66 2.25 2.04 2.50 1.59 
		 		 		 		 		 		Pt1 2.24 1.24 0.71 n.a. n.a. 

Pt2 5.21 5.97 4.74 5.22 3.98 

Pt3 2.04 0.78 0.76 1.13 1.89 
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generate no control) and intentional-control (forward, 
rightward, leftward, stop; where participants execute control) 
states were used to compute P. The “zero” classification was 
considered as an error. This choice reflects the fact that the 
zero-class represents a difficulty in the participant to focus the 
attention to the flashing stimuli and/or the necessity to take 
some time to make a decision.  
 Finally, at the end of each experimental condition, 
participants rated on a 0-100 scale (where 0 indicates 
“nothing” and 100 indicates “completely”) the subjective 
experience related to a set of questions (presence, 
embodiment, feeling of control, BCI interface, illusionary 
movement; see Table 2) modified from previous studies 
[45,46]. 

Performance data (T-time, W-time, P-Acc, Commands, 
Stops and ITR) were baseline corrected ([value during the 
experimental condition] / [mean of the two baselines]) and the 
corresponding ratio entered to complete an ANOVA for 
repeated measures with sound onset (synchronous, 
asynchronous) and type of sound (footsteps, beep) as within-
subjects factors. Patients’ performance data were compared 
with the control sample using Crawford analysis [47] (two 
tailed; see Table S1 for Crawford analyses on Performance). 

Questions related to the same subjective experience were 
averaged [48,49]. Separated ANOVAs with sound onset 
(synchronous, asynchronous) and type of sound (footsteps, 
beep) as within-subjects factors were used to analyze the 
responses to the questionnaire (mean values for each questions 
are reported in Table 2). Patients’ subjective experiences were 
compared with the control sample using Crawford analysis 
[47] (two tailed; see Table 2 for mean values of healthy 
participants; see Table 3 for individual answers of SCI people; 
see Table S2 for Crawford analyses on subjective experience). 

III. RESULTS 

A. Performance and subjective experience in healthy 

participants 
No differences were observed in the T-time (all F(1,13) < 

2.02; p > 0.18; partial η2 < 0.13) or the W-time (all F(1,13) < 
3.36; p > 0.09; partial η2 < 0.20). The ANOVA on P-Acc 
revealed a main effect of Sound (F(1,13) = 6.71; p = 0.022; 
partial η2 = 0.34) with higher accuracy (a low value indicates 
the bottle was placed closer to the target point) in the Foot 
condition (mean ± s.e.m., 1.481 ± 0.45) relative to the Beep 
condition (1.975 ± 0.53). No other effects or interactions were 
significant (all F(1,13) < 1.14; p > 0.30; partial η2 < 0.08).  

Importantly, data on the number of commands and number 
of times in which the robot remained still were analyzed for 
only 12 participants due to a technical failure for the first two 
participants. There were no main effects or interactions for 
ITR (all F(1,11) < 0.50; p > 0.49; partial η2 < 0.05), the 
number of commands sent to the robot (all F(1,11) < 1.65; p > 
0.22; partial η2 < 0.13) and for the number of times the robot 
stopped (all F(1,11) < 1.22; p > 0.29; partial η2 < 0.10), 
suggesting that participants gave all experimental conditions 
equal attention. 

Analyses on subjective responses revealed no main effects 
or interactions (all F(1,13) < 3.82; p > 0.072; partial η2 < 
0.23). Level of presence (place illusion, Q1; plausibility, Q2), 
embodiment (Q3, with similar values to the control question 
Q4) and illusory movement (Q10, Q11) were generally low. 
Importantly, participants reported high levels of feeling in 
control of the robot (Q5-Q6) and no discomfort was caused by 
the BCI interface (Q7-Q8-Q9). 

 

B. Performance and subjective experience in SCI people 
 Patient1 (Pt1). Pt1 reported fatigue and completed only the 
Foot-conditions (corrected with two baselines). The analysis 
revealed that during the Foot-Async condition Pt1 completed 
the walking phase more slowly relative to the control group 
(Pt1 = 1.175; Controls = 0.949 ± 0.097; t = 2.24; p = 0.043), 
sent the robot more commands than the healthy group (Pt1 = 

TABLE IV 
SUBJECTIVE EXPERIENCE OF SCI PEOPLE AFTER EACH EXPERIMENTAL CONDITION. 

QUESTIONS LABELS REFER TO FULL QUESTIONS REPORTED IN TABLE II. 

Subjective 
Experience Items and Questions 

Patient 1 Patient 2 Patient 3 

Foot Beep Foot Beep Foot Beep 
Sync Async Sync Async Sync Async Sync Async Sync Async Sync Async 

Presence 
Q1 Place Illusion 70 60 n.a. n.a. 20 10 50 20 0 0 0 0 

Q2 Plausibility 70 50 n.a. n.a. 20 20 70 20 100 100 100 100 

Embodiment 
Q3 Experimental 60 60 n.a. n.a. 20 10 10 10 0 0 0 0 

Q4 Control 60 60 n.a. n.a. 10 10 50 10 100 100 100 100 

Feeling of 
Control 

Q5 Control-A 70 70 n.a. n.a. 70 70 80 70 80 80 80 40 

Q6 Control-B 70 70 n.a. n.a. 80 70 40 70 80 80 80 100 

BCI Interface 

Q7 Attention to 
Environment 80 70 n.a. n.a. 40 50 80 50 100 100 100 100 

Q8 BCI interface 70 60 n.a. n.a. 70 70 70 70 20 80 80 40 

Q9 Flashing 
Stimuli 20 20 n.a. n.a. 50 50 50 50 100 100 40 100 

Illusory 
Movement 

Q10 Illusory 
Movement-A 50 50 n.a. n.a. 20 10 10 10 0 0 0 0 

Q11 Illusory 
Movement-B 50 60 n.a. n.a. 20 20 10 10 0 0 0 0 
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1.463; Controls = 0.954 ± 0.203; t = 2.41; p = 0.034) and 
stopped more times as compared to the control sample (Pt1 = 
1.593; Controls = 0.931 ± 0.150; t = 4.25; p = 0.001). This 
resulted in a lower ITR relative to controls (Pt1 = 0.317; 
Controls = 1.050 ± 0.230; t = -3.06; p = 0.010). Overall these 
differences suggest a difficulty in steering the robot and may 
explain the longer time required by Pt1 to drive the robot from 
the first to the second table in the Foot-Async condition. No 
other comparisons with the control sample reached 
significance (all t < 1.70, p > 0.113). Importantly no 
differences were found in the subjective experience relative to 
the control sample (all t < 1.26, p > 0.231). 
 
 Patient2 (Pt2). Due to technical failure T-time and W-time 
were not collected from the first baseline. These measures 
were therefore corrected on the second baseline. The analysis 
revealed a tendency to take longer to complete the task in the 
Foot-Async relative to controls (Pt2 = 1.156; Controls = 0.986 
± 0.078; t = 2.11, p = 0.055). No other comparisons with the 
control sample were close to significance (all t < 1.864, p > 
0.085). The subjective experience of Pt2 did not differ relative 
to the control sample (all t < 0.982, p > 0.344). 
 
 Patient3 (Pt3). A longer total time was taken in steering the 
robot during the Foot-Async (1.180) and Beep-Async 
conditions (1.163) relative to controls (Foot-Async: 0.986 ± 
0.078; t = 2.41, p = 0.031; Beep-Async: 0.949 ± 0.088; t = 
2.35, p = 0.035). ITR was lower in the Foot-Async relative to 
the control sample (Pt3 = 0.371; Controls = 1.050 ± 0.230; t = 
-2.84, p = 0.016). A significant difference was also found in 
the W-time during the Beep-Async condition (Pt3 = 1.339; 
Controls = 0.912 ± 0.145; t = 2.85, p = 0.014). No other 
differences were observed (all t < 2.005, p > 0.070). 
Interestingly Pt3’s subjective experience differed from 
controls in Q4 during the Beep-Sync (Pt3 = 100; Controls: 
28.429 ± 30.508; t = 2.27, p = 0.041) and Beep-Async 
conditions (Pt3 = 100; Controls: 26.786 ± 32.202; t = 2.20, p = 
0.047; see Discussion for possible explanation). No other 
differences were significant (all t < 2.023, p > 0.064). 

IV. DISCUSSION 
Efficient control of the human body and the sense of 

owning its parts are achieved through the integration of 
multisensory signals. In the present study the focus was on the 
effect of audio-visual integration on the ability of healthy 
participants and SCI people to teleoperate a humanoid robot 
via a SSVEP-BCI system, while receiving feedback that 
simulated the auditory consequences of the robot’s walk. 
Healthy participants remotely controlling HRP-2 were able to 
place a bottle closer to the target location when action-related 
feedback (i.e. footstep sounds), relative to a beep sound, was 
provided. SCI people appeared to have reduced control of the 
robot when asynchronous auditory feedback was matched with 
the robot’s movements. Importantly, subjective reports 
suggested that both healthy and SCI participants felt in control 
of the robot’s actions and the developed BCI interface 
overlaying the video streaming to command HRP-2 did not 
limit the subjective experience. 

A. Action-related feedback and BCI-based decisions in 
healthy and SCI people 

Novel approaches to BCIs are trying to move from 
unimodal to bimodal stimulation, [50,51,52,53,54] combining 
different mental tasks or techniques [55,56,57]. This study 
combined BCI technology and neuroscientific knowledge of 
action-related sound processing. Fruitful examples of such a 
combination come from the use of symbols and famous faces 
to improve the accuracy of the P300 BCI speller [58].  

BCI systems create a direct link between brain activity and 
desired effects and cognitive functions depending on the 
interaction of many brain areas. With a newly developed BCI 
application, better control of the robot was observed in healthy 
subjects when a footstep sound was used as auditory feedback, 
suggesting an auxiliary role of action-related sounds in action-
decision processes (i.e. deciding when to stop the robot in 
proximity to the table in order to start the dropping phase). 
The facilitation effect of congruent feedback during BCI 
control has been observed during motor imagery BCI tasks. 
Providing proprioceptive stimulation improved the control of a 
cursor [31]. Similarly, in humans, proprioceptive feedback 
may increase and facilitate the use of virtual and robotic 
devices [32, 33]. This may indicate that participants are less 
imprecise or erroneous in sending commands to external 
devices and that the ability to efficiently act within a given 
environment may be affected by the reliability of sensory 
information. 

In line with the idea that action related sounds processing 
requires sensorimotor cortices [35,59,60], we provided an 
auditory feedback congruent with the performed action during 
an attention demanding BCI task (i.e. SSVEP). The 
congruency between the auditory feedback (footstep sound) 
and the performed action (i.e. walking) may have helped in 
closing the sensorimotor loop and improve visuo-spatial 
decisions making. However, further studies are necessary to 
understand if auditory feedback may facilitate the use of better 
solutions (i.e. the minimum number of given commands). 

At variance with previous findings [36], no changes were 
observed in the time required to drive the robot from the first 
to the second table. Differences between the studies may 
explain these contrasting findings: the fact that participants 
had to steer the robot through a passage may have increased 
task difficulty and reduced the possibility to observe any 
modulation of audio-visual synchronicity. Moreover, HMD 
and desktop scenarios may have changed the way 
multisensory stimuli were processed. The fact that no 
differences were found between synchronous and 
asynchronous conditions in healthy participants is in 
accordance with previous studies in immersive scenarios [61]. 
Note that when participants observed a virtual body from a 
first person perspective, small incongruences between visual 
and tactile stimulation [61] were perceived as congruent. 
Crucially, recent studies suggest that rapid adaptation to 
asynchronous multisensory stimuli can occur within short time 
frames [62]. In this scenario, it is possible that asynchronous 
auditory sounds provided within a short time interval may 
have been perceived as congruent, consequently reducing the 
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possibility of finding an interference effect [36].  
SCI people performed similarly to healthy controls in most 

of the experimental manipulations, with some major 
impairment during asynchronous auditory feedback. This 
finding apparently contrasts with the null result obtained in the 
healthy group. However, in accordance with recent findings, 
this suggests a difference in the way multisensory and body-
related information are processed following a spinal lesion. In 
this regard, SCI patients have a specific cross-modal deficit in 
the visual recognition of the disconnected lower body parts 
[63], and both synchronous and asynchronous visuo-tactile 
stimulation can induce illusory ownership over external 
artificial hands [48,49]. 

The small sample of SCI people limit the possibility to draw 
firm conclusions on the role of brain-body disconnection and 
the use of spared sensory abilities in improving the control 
over external devices. Nonetheless, the fact that SCI did not 
differ in the synchronous-foot condition may indicate that SCI 
people can take advantage of action-related sounds to steer a 
robot through BCI systems. 

B. BCI-user experience 
Recent studies highlighted that participants’ experience (i.e. 

motivation, embodiment feelings) may positively affect BCI 
performance [11, 12] in motor imagery and attentional (i.e. 
P300) BCI paradigms [13] [14]. In our paradigm, participants 
reported low scores in the feeling of presence and embodiment 
toward the robot relative to the feeling of being in control of 
the robot’s actions and the perceived usability of the BCI 
interface (see Table 2 and Table 3). Typically, the role of 
immersion, first person perspective and congruency between 
an action (e.g. change in head orientation) and its 
consequences (e.g. change in visual perspective) are crucial 
for such illusory experiences [64].  

In this paradigm the head of the robot was fixed and 
subjects were asked to maintain a static head position in order 
to reduce EEG noise due to neck muscle contraction. 
Moreover, changes in participants’ head orientation (i.e. to 
stretch the muscles between different phases of the task) did 
not generate any perspective change in visual feedback. The 
absence of such sensorimotor congruencies [64] may have 
contributed to limiting both the feeling of presence and the 
occurrence of illusory ownership toward the robot.  

Tellingly, subjects saw the full body of HRP-2 reflected in 
the mirror when the robot approached the second table and the 
robotic hand only during the grasping and dropping phases. 
The fact that participants viewed the whole robot’s body or its 
parts for such a short time, while keeping their attention on the 
flashing stimuli to complete the task, may have reduced the 
subjective feeling of embodying the humanoid surrogate. In 
line with this argument, when attention is not biased toward 
the body, for example when participants are asked to fixate a 
cross [65], or when an attention-demanding task is performed 
[66], participants experience similar levels of embodiment 
toward a virtual object and a virtual body. Moreover, the fact 
that visuo-tactile stimulation was not applied may have limited 
the possibility of increasing any illusory experience. Finally, 

to avoid any distraction from the main task, the strength of the 
illusion was measured by asking participants to rate their 
subjective experience at the end of each experimental 
condition. However, the low scores for embodiment and 
presence items suggest that “break of illusion” [67] or “break 
of presence” [68] measures might have been more sensitive 
indexes.  

Interestingly, it was observed that Patient 3 reported the 
sensation of having more than one body in the beep-sound 
condition. Recent studies have highlighted differences 
between paraplegic and tetraplegic people with regard to 
sensitivity to bodily illusions [49,69] and alterations in the 
way SCI people relate to sensations in their body [69]. 
Although this may partially explain the result here, further 
studies are needed to understand the impact of sensorimotor 
deficits in multisensory integration and to develop 
understanding of the subjective experience of bodily illusions. 

Importantly, healthy and SCI people considered the 
developed SSVEP graphical interface for the immersive BCI 
tasks easy to use. They reported being able to pay attention to 
the environment, with no difficulties sending commands to the 
robot and no effort or discomfort due to the flashing stimuli 
[39] (see Table 2 and Table 3). 

V. CONCLUSION 
BCI technology was combined with current knowledge on 

bodily illusions and multisensory integration in people with 
spinal injuries. The possibility to use sensory information that 
is spared in people with sensorimotor disabilities (i.e. auditory 
cues; see also [70] for the use of motor commands to signal 
erroneous BCI selection) may be imperative to improve the 
flexibility of BCI systems, hence restoring some mobility 
functions in patients with brain-body disconnection. In a BCI 
task, observations of higher placing accuracy and less 
sensitivity to auditory variability in healthy participants were 
seen, relative to SCI people. Moreover, a reduced ability for 
SCI people to use the BCI system was observed during 
asynchronous auditory feedback. No modulation of the 
illusory experiences was found during the experimental 
manipulations. 

Overall, current data indicate that action-related feedback 
may improve visuo-spatial information processing along with 
decisions about “when” to start an action (here, the dropping 
phase involving the bottle). Moreover, immersivity and first 
person visual perspective with an HMD during a BCI-based 
application may have reduced the interference effect of 
asynchronous sound perception, and some methodological 
choices (e.g. fixed head orientation) may have reduced 
illusory experiences. 

Further investigations are necessary to understand i) how to 
increase embodiment and presence feelings when people are 
asked to remain static and control a remote humanoid through 
a BCI system, ii) the role of multisensory integration and 
spared sensorimotor signals to improve BCI usability and iii) 
the role of functional and structural plasticity following SCI 
for body ownership sensations [71,72]. 
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