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Abstract

Gait rthythm and continuity may vary during complex walking tasks. When used independently,
inertial measurement units (IMUs) primarily capture peripheral motor information but provide
limited insight into central neural states. Electroencephalography (EEG), although capable of
reflecting central neural activity, may exhibit insufficient stability due to substantial inter-
individual variability. Moreover, existing on-demand cueing strategies’ generally lack
information regarding central nervous system states. Therefore, this study investigates whether
a bimodal sensing approach can provide complementary information-for risk identification and

whether such information can be incorporated into a closed-loop cueing framework.

A self-developed multimodal wearable closed-loop cueing system was employed to
synchronously acquire EEG and leg-mounted IMU.data from 11 healthy volunteers under a &
B AW experimental paradigm. EEG.was used to characterize central activity associated
with motor preparation and cognitive load, while IMUs captured peripheral gait kinematic
characteristics. A dual-branch fusion model was developed to integrate central and peripheral
information across modalities and ‘classify gait states into three risk levels: stable (stable
walking), risk (high-risk or.rhythm-disrupted state), and freeze (gait interruption or freezing-
like event). Based on the estimated risk state, the system delivered rhythmic cues through a
combined auditory and vibrotactile feedback module, thereby establishing a closed-loop

intervention pathway.

The proposed multimodal closed-loop system was fully deployed and functionally integrated
on' a~simulation platform, enabling continuous operation across signal acquisition, feature
extraction, risk scoring, feedback stimulation, and subsequent state reassessment. At the current
stage, the effectiveness of both the model and the system was evaluated offline using a <1
LA dataset collected from healthy volunteers. The proposed multimodal closed-loop
strategy achieved a state classification accuracy of 85.57% and a Macro F1-score of 0.829.

Compared with the IMU-only unimodal approach, which achieved an accuracy of 84.90%, the
I



proposed approach demonstrated a 4.26-percentage-point improvement in classification
performance and maintained more stable performance under modality-missing conditions.
These findings provide preliminary algorithmic evidence that the integration of central ‘and
peripheral information can offer complementary discriminative cues for the prospective
identification of freezing-like events. The results provide a technical foundation.for further

evaluation of the system across participants and walking conditions.

Keywords: gait-state recognition; gait interruption; bimodal sensing; elosed-loop cueing; deep

learning
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Algorithm 1: Risk-driven closed-loop cueing control




Input:
P={Py,P,,Pf}> model inference output
R, risk threshold
Ry freeze threshold
Np freeze confirmation window
Ny silent windows
Output:
Se (0,12 optimal feedback
Initialization:
state <— NORMAL
freeze counter «— 0

silent_counter «— 0

1. state «<— NORMAL

2: freeze counter «— 0

3. silent counter « 0

4: //System is running

5: fort=1to T,,, do

6: Obtain classification probability P

7: \\ Step 1:Freeze risk confirmation

8: if Ps > Ry then

9: freeze counter < freeze counter + 1
10: else
11: freeze counter ~— 0
12: \\ Step 2: freeze counter = 0
13: if freeze_counter 2.V then
14: state <— EREEZE ALERT,S <« 2
15: SendCommand(S) then
16: vibration < strong rhythm
17: voice cue, < ON
18: freeze_counter < 0, silent counter — N
19: \\ Step 3: Risk warning decision
20: else if P. > R, and silent_counter == ( then
21: state < RISK WARNING, S=1
22: SendCommand(S) then
23: vibration = weak rhythm
24, silent_counter «— N
25: \\ Step 4: Normal walking state




26: else

27 state — NORMAL, S=0

28: SendCommand(S)

29: \\ Step 5:  Silent protection update

30: if silent_counter > 0 then

31: silent_counter < silent_counter - 1

32: \\ Step 6: Recovery judgement

33: if P.=Max({F, B, Pr}) and silent_counter == 0 then
34. state < NORMAL
35: end for
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bRy 3%

FALiA] R

FOG LA T Freezing of gait

CNN LR M 2% convolutional neural network

DBS P V% 3475 L 1) 5 deep brain stimulation

MOBI ¥ 2 i A& B A& £ R~ Mobile Brain-Body
Imaging

BLE K Ih#E % 7 Bluetooth Low Energy

UART . [1.J# {% Universal Asynchronous
Receiver/Transmitter

IMU 45 4 & B G inertial measurement unit

MMSE f&] 2y A #R & & & Mini-Mental State
Examination

RMSE Y5 MR R 22 root mean square deviation

EEG fiwi B8, 14| Electroencephalography

ASRPRO The offline speech recognition and control

module which will be discussed in this paper
is currently widely used in the market, its
overall purchase and application expenses are
relatively low, and many electronic
equipment manufacturers and hardware
producers commonly employ this function
module to decrease the development

difficulty.
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