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WukongBot: A Brain-Spine Interface Proof
of Concept Based on Non-Invasive
Brain-Computer Interface for Spinal Cord
Injury in a Monkey
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Liang'*, Qiangian Fan**, Xiaodi Han® and Ming Yin'

Motor dysfunction constitutes a significant
global public health burden. In China,
greater than 20 million individuals have
various forms of paralysis with stroke and
spinal cord injury (SCI) being the leading
causes. Epidemiologic data indicate that
there are approximately 3.74 million exist-
ing SCI cases in China with approximately
90,000 new cases reported annually.
Restoration of autonomous walking ability
remains one of the most pressing rehabili-
tation goals for paralyzed patients.

In recent years epidural electrical stim-
ulation (EES) has emerged as a promising
intervention for functional recovery in SCI
[1-3]. Existing studies have shown that
EES can promote the recovery of voluntary
motor control in SCI by facilitating motor
neuron function and re-establishing func-
tional connections between the brain and
spinal cord, thereby restoring autonomous
movement [4].

Concurrently, brain—spinal interfaces
(BSIs) have established a direct informa-
tion bridge between the brain and spinal
cord. In 2023 the world’s first clinical-grade
BSI system, which combined the invasive
brain—computer interface (BCI) technol-
ogy with EES, enabled an individual with
an SCI to regain voluntary locomotion and
enhance rehabilitation training outcomes.
However, this invasive approach poses
potential surgical risks, such as infection,
and the neural decoding accuracy and real-
time performance need further improve-
ment [5].

Nevertheless, current invasive approaches
face limitations in terms of safety and clin-
ical translatability. Therefore, we proposed
a BSI design based on a single portable,
non-invasive electroencephalography (EEG)
sensor and conducted a preclinical valida-
tion and evaluation using a human—monkey
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What is the cross-disciplinary question being
addressed?

How can the integration of neuroscience,
biomedical engineering, and machine learning
facilitate the development of a brain-spine
interface (BSI) based on a non-invasive brain-
computer interface (BCI) to restore motor func-
tion in subjects with spinal cord injury (SCI)?
What is the main finding?

The novel BSI based on a non-invasive BCI
enables the control of lower limb movements
in a macaque using human motion intentions,
achieving left and right leg stepping-like move-
ment under anesthesia.

experiment (Figure 1). An anesthetized ma
caque successfully exhibited left and right
leg stepping-like movements controlled by
human motion intentions. To the best of our
knowledge, this is the first BSI proof-of-
concept based on non-invasive BCI that con-
trols EES with motion intentions to elicit
locomotor activities.

The proposed BSI system consisted of
three components: (1) a single-channel
flexible EEG sensor coupled with a self-
developed online decoding module; (2)
an electromyography (EMG) recording
system; and (3) a spinal cord stimulation
system (model CNS601B; Rishena Medical
Co., Ltd., Changzhou, China) with a
16-channel electrode (model SCLL305B-75;
Rishena Medical Co., Ltd.).

A clinical team of neurosurgeons and
veterinarians implanted the epidural spinal
electrode at the T12-L2 level of a macaque
(27 years old weighing 8.3 kg) and posi-
tioned the stimulator in the lateral dorsal
region. The animal was in good health
after 1 week of recovery. EES configura-
tions were subsequently performed under
anesthesia. EMG was used to identify and
optimize the electrode configurations and
parameter settings (amplitude, frequency,
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Figure 1
by human intentions.

and pulse width) for single joint movements of the lower
limbs. Wireless EMGs (Trigno; Delsys, Natick, MA, USA)
were placed on the iliopsoas, quadriceps, tibialis anterior,
and gastrocnemius of the lower limbs. After optimization,
the parameters were set at 4.6 mA, 20 Hz, and 400 us,
respectively, enabling single joint movement of the hip and
knee joints. Remarkably, the anesthetized macaque success-
fully exhibited bilateral stepping-like movements through
spatiotemporally stimulation.

Electrooculography (EOG) signals were decoded to
discriminate three control commands in the human sub-
ject experiment: left leg movement; right leg movement;
idle and stop. This approach was chosen due to the higher
signal-to-noise ratio and faster response time of EOG signals
compared to motor imagery EEG. An application software
was developed using PyQt5 with a modular architecture inte-
grating data acquisition, preprocessing, feature extraction,
prediction, transmission control protocol (TCP)-based wire-
less communication, and a graphical user interface (GUI),
ensuring both efficient real-time processing and intuitive user
interaction. The human subject was asked to look left, look
right, and blink voluntarily. A 0.1-45 Hz band-pass filter was
used in the signal preprocessing. The decoding algorithm
was implemented using LightGBM with multimodal feature
fusion. Each input sample consisted of the bandpass-filtered
signals with 53 features derived from temporal (e.g., mean,
variance, and Hjorth parameters), frequency (e.g., band
power and spectral entropy), and non-linear domains (e.g.,
skewness, kurtosis, and waveform length). The LightGBM
classifier had 31 leaves and a learning rate of 0.05, which
was optimized for multiclass classification. The LightGBM
classifier was trained with stratified a 10-fold cross-validation
and achieved an average F1-score of 89.6% across 4 control
commands.

Finally, in the online human-monkey BSI experiment,
decoded outputs from the human subject were transmitted
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Overflow of the BSI system. The anesthetized macaque successfully exhibited left and right leg stepping-like movements controlled

in real time to control the EES system implanted in the
macaque, enabling spatiotemporally stimulation of lumbar
spinal hotspots. The anesthetized macaque successfully
exhibited left and right leg stepping-like movements con-
trolled by human motion intentions (Supplementary Video
1). To the best of our knowledge, this is the first BSI proof-
of-concept based on non-invasive BCI that controls EES
with intentions to elicit locomotor activities. This approach
avoids the surgical risks associated with invasive methods,
while maintaining high decoding accuracy and real-time
performance, thereby opening a new avenue for BSI tech-
nology. Future work will focus on further system optimiza-
tion and the exploration of feasibility in clinical trials.

Several limitations of this study warrant consideration.
First, experiments were performed in a controlled environ-
ment and the stability of decoding, long-term efficacy, and
applicability to more complex daily motor tasks remain to be
investigated. Second, the current amplitude of EES used to
elicit the passive movements in this study was higher than the
sensation threshold, which is the same as previously reported
[2, 5]. Therefore, totally passive movement or passive walk-
ing by EES may not be feasible for SCI patients with persis-
tent sensation. However, these patients can still benefit from
long-term rehabilitation using EES. Third, due to high risks,
this study is a proof of concept on an old macaque with weak
muscle abilities and barely any locomotion. Stepping-like
movements were successfully generated under anesthesia.
Animals that are closer to the typical SCI age groups will be
the subjects in a corollary study, then clinical trials will begin.

In conclusion, the current study demonstrated that a porta-
ble, non-invasive BCI-based online BSI system can success-
fully control a spinal cord stimulator to induce stepping-like
movements in an anesthetized macaque with human motion
intentions. These findings provide a novel technical path-
way and translational potential for restoring locomotion in
patients with motor paralysis.
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