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Brain-computer interfaces (BCIs) rely on the acquisition of brain activity, often using
electroencephalography (EEG), which is then interpreted into a command for a digi-
tal device. Motor imagery (MI) is a common task for generating recognizable brain
activity for BClIs [1], albeit challenging for novice users. Neurofeedback enables to
train users to modulate their brain activity to improve BCI performances [2]. Various
feedback modalities have been explored, though visual modality remains dominant.
Haptic feedback has potential benefits and was reportedly perceived as more natural
than a visual one [3]. Furthermore, multimodal feedback combining visual and haptic
stimuli seems to improve MI-BCI performance [4, 5]. Thermal feedback, an unex-
plored component of haptic feedback, is promising as it is affordable, ease of use, and
has potential therapeutic benefits in stroke rehabilitation [6, 7]. This study aims to as-
sess the feasibility and efficacy of thermal vs. visual feedback in EEG-based MI-BCI
training (Fig. 1). For these preliminary results, we analyzed data from thirteen healthy
participants experiencing three feedback modalities while performing MI: visual-only,
thermal-only, and visuo-thermal. Neurophysiological activity analyses revealed sig-
nificant differences in neuromodulation based on feedback modality, with visual-only
and visuo-thermal feedback inducing greater desynchronization over the sensorimotor
cortex compared to thermal-only feedback. Combining thermal and visual feedback
did not diminish performances compared to visual feedback only. Thus, while ther-
mal feedback elicited less pronounced brain activity modulation than visual feedback,
its combination with visual feedback remains promising, particularly in rehabilitation
contexts. Further research can refine thermal feedback protocols and explore its syner-
gies with other modalities to optimize BCI performance and user engagement.
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Figure 1: Experimental setup. A-Participant seated on a chair in front of the computer
screen and wearing the EEG headset. The screen displays the visual feedback with the
virtual hand superimposed above the participant’s real hand. B-Thermal stimulation
system. Top: top view of the system with 3D printed part (in green) holding a Peltier
cell and a heat sink ; Middle: top view of the user’s hand in position equipped with
the wearable system ; Bottom: left view of the user’s hand equipped with the wearable
system.

REFERENCES

(1]

(2]

(3]

(4]

G. Pfurtscheller and C. Neuper, “Motor imagery activates primary sensorimotor
area in humans,” Neuroscience letters, vol. 239, no. 2-3, pp. 65-68, 1997.

C. Neuper and G. Pfurtscheller, “Neurofeedback training for bci control,” Brain-

Computer Interfaces: Revolutionizing Human-Computer Interaction, pp. 65-78,
2010.

F. Cincotti ef al., “Vibrotactile feedback for brain-computer interface operation,”
Computational intelligence and neuroscience, vol. 2007, 2007.

M. Barsotti, D. Leonardis, N. Vanello, M. Bergamasco, and A. Frisoli, “Effects
of continuous kinaesthetic feedback based on tendon vibration on motor imagery
bei performance,” IEEE Transactions on Neural Systems and Rehabilitation En-
gineering, vol. 26, no. 1, pp. 105-114, 2017.



(5]

(6]

(7]

L. Pillette, B. N’kaoua, R. Sabau, B. Glize, and F. Lotte, “Multi-session influ-
ence of two modalities of feedback and their order of presentation on mi-bci user
training,” Multimodal Technologies and Interaction, vol. 5, no. 3, p. 12, 2021.

J.-C. Chen, C.-C. Liang, and F.-Z. Shaw, “Facilitation of sensory and motor re-
covery by thermal intervention for the hemiplegic upper limb in acute stroke pa-
tients: A single-blind randomized clinical trial,” Stroke, vol. 36, no. 12, pp. 2665—
2669, 2005.

H.-C. Wu, Y.-C. Lin, M.-J. Hsu, S.-M. Liu, C.-L. Hsieh, and J.-H. Lin, “Effect
of thermal stimulation on upper extremity motor recovery 3 months after stroke,”
Stroke, vol. 41, no. 10, pp. 2378-2380, 2010.



