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Neurological disorders are now the leading cause of illnesses and disability
worldwide. It causes immense suffering to affected individuals and families and deprives
communities and economies of human capital. Motor imagery (MI) is a cognitive process
that involves mentally simulating movement without actual physical execution. It has
emerged as a promising rehabilitation technique for individuals with movement impairments
caused by neurological disorders. This review evaluates the advantages and challenges of
various MlI-based techniques, including brain-computer interface (BCI), Exoskeleton and
virtual reality (VR). All these methods offered innovative pathways for motor function
restoration. The application of MI-based techniques in rehabilitating motor deficits are
explored in this work. Additionally, this paper discusses the future development of MI-based
technologies in motor rehabilitation, focusing on multidisciplinary collaboration, technical
innovation in accuracy, and clinical applications. The results show that the integration
among MI-based technologies holds promise for creating more effective and personalized
rehabilitation protocols, ultimately improving patient outcomes in neurorehabilitation.

Motor imagery (MI), Neurological disorders, Motor rehabilitation, Brain-
computer interface (BCI), Virtual reality (VR), Exoskeleton, Neurorehabilitation

Neurological disorders often result in significant movement limitations, disrupting a person's ability
to live a daily life. These limitations always occur due to damage or dysfunction of the neural
system, which affects the communication between the brain and muscles.

Motor Imagery(MI) concludes the mental simulation of movement without actual physical
movement. The principle behind MI is that imagining a movement activates similar neural circuits
in the brain as those during actual movement, particularly in the motor cortex. This activation can
promote neuroplasticity, a crucial ability for recovery from neurological injuries [1].

© 2025 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
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Combining MI with other rehabilitation technologies can amplify its effects: MI+VR: VR
simulates real-life scenarios in which patients practice imagined movements, making treatment more
effective and accurate. MI+Exoskeletons: MI can guide the movements of exoskeletons, helping
patients regain strength and coordination through assisted movement.

This review's objection is to evaluate the integration of Motor Imagery(MI) with other advanced
technologies such as BCI, Exoskeletons, and VR. Based on the current literature and clinical studies,
it concludes the benefits, limitations, and future directions of these technologies and explores the
combinations of these integrative rehabilitation strategies.

2. Motor imagery brain-computer interface
2.1. Theoretical basis

Implementing motor imagery technology in rehabilitation involves several key steps: signal
acquisition, signal processing, equipment control, and real-time feedback. First, the patient's brain
signals, generated during imagined limb movements, are collected. These signals undergo
preprocessing, feature extraction, and classification. The processed signals are then decoded to
determine the patient's intended movements. Finally, these decoded intentions are converted into
control commands to operate the target devices and provide real-time feedback. Through these steps,
communication and control between the human brain and external devices are achieved [2]. Figure 1
shows a simplified framework for this process.
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Figure 1. Motor imagery workflow
2.2. Evaluation

Studies have shown that MI systems offer certain advantages over traditional rehabilitation methods.
Various research teams have integrated different algorithms into the signal-processing phase to
improve the response time and accuracy of these systems. Table 1 compares the accuracy of motor
imagery recognition across several studies that use different signal acquisition and processing
methods.
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Table 1. Accuracy comparison

Authors Slg.n.a,l Feature extraction Classificatio Accuracy(%)
acquisition n
CSP:513+54
Banghua[;(']ang et al. EEG CSP, FBCSP, iSOHV—FBCNet- LDA, SVM FBCSP: 48.8 + 5.4
2Conv-FBCNet-cv: 59.4 + 7.2
EEG + HbO: 86.93 £6.15
Miaomiao Guo et al. . EEG + HbR: 87.13 £ 7.11
[4] EEG, fNIRS Relief-Mrmr SVM EEG + HbO + HbR: 88.33 4
5.80
Yunfa Fu et al. [5] fNIRS signal mean and signal slope SVM 72.25+0.004%

3. MI+ vitural reality(VR)
3.1. Theoretical basis and classification

As a visualization technology, VR blurs the boundary between the virtual world and the real world
through multisensory feedback [6]. Applying VR technology to MI creates a virtual environment
using VR technology to provide feedback and reduce external interference. Compared to traditional
MI technology, it can provide a more immersive environment and enhance the fun and interactivity
of the treatment process. This research searched for eight articles and selected six representative
experiments from them. These six experiments only analyzed the motor imagination of simple upper
limb movements such as finger grasping, arm flexion and extension, and wrist movements. They
added many simple, lifelike virtual scene activities to them. By analyzing the different VR feedback
systems in these six experiments, this work divided VR+MI into two categories: virtual reality
technology that only uses visual feedback to assist MI and the other is virtual reality technology that
provides multimodal feedback to assist MI. Classification will contribute to a better understanding
of the different effects of VR on MI technology.

3.2. Methods

By observing Table 2, it can be seen that electroencephalography(EEG) has been widely used for
collecting and comparing brain data before and after VR application and different levels of VR
feedback at a higher time resolution [7], while electromyography(EMG) technology has been
applied to evaluate participants' muscle tension during MI tasks, indirectly reflecting the difficulty of
task execution. Photoplethysmography(PPG) is mainly used to monitor participants' heart rate
changes and emotional reactions to evaluate the quality of user experience. Data analysis methods
can be used to analyze the entire chart, and it can be found that single-modal VR technology can
improve motor imagination. Multimodal VR technology performs better than single-modal VR
technology in the recovery of damaged brain areas, functional reorganization, and accuracy of motor
imagination detection. After integrating games, multimodal VR technology receives better feedback
in terms of user experience than traditional single-modal VR technology. Multimodal VR
technology has a high comfort level in treating neurologically induced motor limitations [8].
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3.3. Evaluation

To evaluate the effectiveness of this technology, this work analyzed two typical examples of neural-
induced motor deficits, one related to Parkinson's disease and the other related to stroke. The
experiment focused on Parkinson's disease and mainly studied patients with static tremors, stiff gait,
posture, delayed limb movements, standing up from a chair, and rapid alternating movements. This
work discovered that these symptoms were significantly improved after applying VR+MI and
demonstrated that VR+MI+routine physical exercise training is the most effective for elderly people
with mild to moderate Parkinson's disease [9]. In terms of experimental treatment of stroke, the use
of VR technology has a stronger degree of brain activation in stroke patients than in simple MI. For
stroke patients who have no other rehabilitation options due to severe movement disorders,
combining VR with MI is particularly beneficial [10]. Based on the analysis of all the experiments
above, applying VR technology to motor imagery is beneficial for improving the therapeutic effect
of motor imagery on neurological-induced motor defects. With the increased interest and modality,
VR technology often provides patients with higher participation and rehabilitation efficacy.
However, as the number of modalities increases, the increase in feedback may lead to information
overload [11], causing mental fatigue in motor imagery tasks [12]. The cost of applying VR
technology will also significantly increase, and VR technology also needs to consider whether
patients will have adverse reactions such as resistance or dizziness to VR technology.

Table 2. A summary of experiments

VR classification

M.O dal Authors Dataset m.at Method Results
ity erial
Jin Woo EE . .
Choi et al HP: 20 age: 20 to G+ Comparison:IVR+MI; The ERD ratio of IVR-MI > MD-MI The accuracy
Single. [6] 37 VR MD+MI of IVR-MI> MD-MI
modalit Visual .
y(visua Kishor EE : :
1) Lakshmina HP: 15(9 males, 6 G+ Comparison: ERD amplitude: VR-KMI>NVA-KMI
rayanan et females) VR KMI+VR;KMI+NVA Classification accuracy: VR-KMI>NVA-KMI
al. [7]
Visual  Qiang EE Comparison:MI+VR;  Peak power spectral density in the alpha and beta
+Audi Fang et al. 16 patients G+ Ml after VR;MI after  frequency bands: MI+VR>MI after VR>MI after
tory [10] VR voice; Voice. Voice>Voice
Visual EM
+Tuti Reza HP: 11( excluding G+ Comparison: Motor
ac Amini those with BCy - Omparison: Moto Accuracy of motor imagery (MI) detection: Muti-
le imagery tasks; Motor

Gougeh et cybersickness and +V
al. [13] scent sensitivity) R+P

Multi- +Olfa modalities>single modalities

modalit ctory

priming tasks

PG
ies

) EE Training task: using User Engagement: Gamified VR > traditional
Vlsual. Filip Skola HP:19 (median Gt left and right hand MI ~ VR(External control, event based, using symbol
+Tacti o a1, [14] age was 26) vR © destroy asteroids in  guidance) The average optimal ERD value is -1.316

let virtual space. dB, with a standard deviation of 0.513.
Therm
al+Au Carla Pais- ASIA complete T4 EE 10 training sessions, High levels of embodiment comfort reported.
ditory Vieiraet spinal cord injury: G+  twice a week, using  No significant adverse effects of VR were reported.

al. [8] 1;age: 52 VR this VR system Reduction in self-reported pain levels observed

'HP: healthy participants
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4. Motor imagery-based brain-controlled exoskeleton
4.1. Overview of brain-controlled exoskeleton

Firstly, the EEG signal acquisition device will obtain the brain signal. Then, the EEG signal is
processed through the processing and classification module, and finally, the signal is converted into
control instructions to control the operation of external devices. Fig.2 shows the composition of the
brain-controlled exoskeleton system. At the same time, the human body will also sense the
movement of the exoskeleton to provide feedback to the brain [15]. At present, research on brain-
controlled exoskeletons is still in the laboratory stage; how to acquire a large number of clean EEG
signals and how to improve the generalization ability of brain-controlled devices for different
patients still needs further research.

Components of a Brain-Computer
based exoskeleton system

Action ‘ Subject ‘ ‘ Signal Aquisition
T . EEG
Exoskeleton Processing and
V[ Classification
Actuator ‘ Sensor System ( )
J Bandpass Fillter
Feature
Command . Extractor
Intension —l—
Control System [ Classifier

Figure 2. The composition of the brain-controlled exoskeleton system
4.2. Feasibility verification

A significant challenge for MI-BCI is the considerable variability in brain signal characteristics
among individuals [16]. Additionally, stroke patients may experience damage to brain regions
crucial for generating event-related desynchronization/synchronization (ERD/ERS), complicating
the effectiveness of MI-BCI [17]. However, a previous study found that stroke patients with no prior
experience with BCI were able to use MI-BCI as effectively as healthy individuals, with their
performance not related to their degree of motor impairment. This finding led to the current
investigation into the effectiveness of combining MI-BCI with the clinically validated robotic
rehabilitation system.
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4.3. Clinical study

According to Chen et al., MI-BCI for stroke upper limb rehabilitation is valid. Stroke patients were
randomly assigned to either the control or BCI groups [18]. The BCI group received BCI treatment
with exoskeleton feedback three times a week for four weeks. There were greater results for motor
rehabilitation recovery in the BCI group than in the control group.

The study demonstrates that the soft robotic glove used in hand rehabilitation for stroke patients
could be controlled by recognizing user intentions [19]. Thirty stroke patients were divided into
three groups: robotic therapy, BCI-robotic therapy, or customary therapy. The BCI-robotic therapy
group showed better hand function rehabilitation than the robotic therapy group.

The clinical effectiveness of a kind of buffet-friendly wrist exoskeleton has been shown [20].
Eleven healthy volunteers first imagined elbow movements, then underwent BCI training with the
exoskeleton assisted by an exoskeleton for 30 minutes, and then imagined elbow movements again.
The Motor-evoked potentials (MEPs) of the elbow movements were measured on two separate
occasions. The results showed that MEPs increased after the training. A summarized description of
the brain-controlled exoskeleton is shown in Table 3.

4.4. Limitations and prospects

The outlook of the follow-up work mainly includes the following points:

(1) Further optimize the structure of the exoskeleton. The current exoskeleton structure is not
light enough and the movement action is simple, the subsequent consideration should be improved
to be lighter and more flexible.

(2) For motor imagery, place and individual differences have a large impact on the accuracy, and
better-adapted algorithms can be researched for the adaptive extraction of signal features.

(3) Although the current EEG signal pattern recognition scheme can meet the basic needs, the
rate of classification and the asynchronous accuracy of the control system are insufficient. To
improve the accuracy and speed of recognition, it is necessary to find more efficient algorithms and
optimize the control system's software/hardware.

Table 3. A summarized description of a brain-controlled exoskeleton

Reference no.  Year  Targeted Regions Types of Sensors Used Advantages
Ref. [18] 2020 Upper limb 32 EEG channels With exoskeleton guidance
Ref. [19] 2022 Hand 14 electrodes Emotiv EPOC Soft, adaptable, and tailored
Ref. [20] 2020 Wrist 7 EEG channels Cheap and light

5. Conclusion

Based on the results and discussions presented above, the conclusions are obtained as follows:
Motor imagery therapy has shown good performance in treating neurological-related motor defects.
Integrating brain-computer interfaces, virtual reality, and exoskeleton technologies into motor
imagery therapy can enhance clinical efficacy. Firstly, through BCI technology, patients' motor
imagery can be transformed into control signals. Secondly, exoskeleton augmentation helps patients
to engage in actual exercise, thereby achieving the goal of rehabilitation training. Moreover, virtual
reality technology can provide patients with a safe, controllable, and fun environment, enhancing
their immersion and training effectiveness. The study has shown that applying virtual reality and
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exoskeleton technology to brain-computer interfaces can be achieved [13], and personalized design
needs to be considered in comprehensive design.
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