(I) Complete Technical Specifications of the Lower-Limb Exoskeleton Device (Chengtian Technology UGO220)
1. Functional Parameter Requirements
1.1 The main unit consists of a control backpack, leg assemblies, a human-machine interaction screen, a battery, and a battery charger.
1.2 The main backpack is equipped with a human-machine interaction screen displaying information such as device power, date, time, patient name, training mode, and training duration. Parameter settings and adjustments can be performed via the touchscreen.
1.3 The device features a power-on self-test function. If the self-test passes, the backpack screen automatically transitions to the login interface; if it fails, the screen displays the identified issue.
1.4 After user login, the device automatically stores usage data. Upon subsequent use by the same user, the thigh and calf lengths adaptively adjust to the initially recorded data without manual reconfiguration.
1.5 The lengths of both thighs and calves are adjustable via electric adjustment controlled through the touchscreen interface.
1.6 The main unit is powered by a rechargeable lithium battery with a plug-and-play design, allowing for quick manual detachment. Batteries can be replaced when low on power without interrupting use, ensuring continuous operation.
1.7 Walking speed is adjustable.
1.8 Stride length is adjustable.
1.9 Battery power reminders: an audio alert activates when power falls below 50%; both audio and visual alerts activate when power falls below 20%.
2. Technical Parameter Requirements
2.1 Main unit memory: not less than 8GB.
2.2 Device features no fewer than 6 movable joints, with no fewer than 4 independent motor-driven joints.
2.3 The mechanical operating angles of all joints are electrically adjustable: hip joint ≥ 148°; knee joint ≥ 108°; ankle joint ≥ 19°.
2.4 Thigh adjustable length range: ≥ 128 mm; calf adjustable length range: ≥ 128 mm.
2.5 Hip width adjustable range: ≥ 110 mm.
2.6 Battery capacity: ≥ 6 Ah; charging time: < 4 hours.
2.7 Operational noise: < 60 dB.
3. Data Management Requirements
When the screen prompts for physician login, access requires a card swipe or QR code scan. Upon successful login, the screen displays the current physician's name and device battery status. When prompting for patient login, access similarly requires a card or QR code scan. Successful patient login displays corresponding personal information, such as name and limb lengths.
(II) MRI Measurement Protocol (Model: United Imaging uMR580 1.5T Superconducting MRI Scanner)
Bilateral thigh skeletal muscle imaging was performed for all subjects using the United Imaging MRI scanner. Subjects were instructed to avoid strenuous physical activity for 24 hours prior to scanning. During scanning, a standard supine position was adopted.
1. Image Acquisition
Three independent MRI sequences were employed for comprehensive assessment of muscle morphology and composition:
① Fat Fraction Imaging: The dedicated mDixon-Quant quantitative fat imaging sequence was used for axial scanning at the mid-thigh level. This sequence directly generates fat fraction maps for quantifying intramuscular fat infiltration.
② T2-mapping Imaging: A multi-echo spin-echo sequence was applied at the same anatomical location for axial scanning. T2 relaxation times were calculated by fitting signal decay across multiple echoes, providing an objective measure of tissue edema.
③ Structural Imaging: To accurately delineate muscle boundaries for cross-sectional area calculation, a short-tau inversion recovery (STIR) sequence was used to acquire coronal images of the thigh. This sequence effectively suppresses fat signal, clearly revealing muscle fascia contours.
2. Image Post-processing and Data Analysis
All image analyses were performed independently by a physician with over five years of musculoskeletal MRI experience under blinded conditions (unaware of subject group allocation or visit time point).
Region of Interest (ROI) Delineation: On axial images at the mid-femur level (defined as the midpoint between the greater trochanter and lateral condyle), ROIs were manually drawn around the bilateral quadriceps femoris muscle group (integrating rectus femoris, vastus medialis, vastus lateralis, and vastus intermedius) at the point of maximum muscle bulk. Care was taken to strictly avoid intermuscular fascia, visible vessels, and bone.
Parameter Extraction: Fat fraction and muscle T2 values were automatically calculated by the scanner's post-processing software or dedicated quantitative analysis software, directly exporting the mean value for the selected ROI. Muscle cross-sectional area was calculated by manually outlining the overall quadriceps contour on the corresponding axial sections of coronal STIR images, followed by automatic computation via pixel counting using ImageJ software.
3. Reliability Control
To assess measurement consistency, all analyses were performed in duplicate. Intraclass correlation coefficients were calculated to ensure high measurement reproducibility.
(III) DXA Measurement Protocol (PinYuan Medical DXA-800E Dual-Energy X-ray Absorptiometer)
Measurement Procedure:
Pre-measurement Preparation: Clean the skin at the distal one-third of the forearm with an alcohol swab. Apply coupling gel evenly to ensure full contact between the skin and detection probe.
Patient Positioning: The patient assumes a supine position with the forearm naturally extended on the detection platform. Adjust limb position to align the bone densitometer with the central axis of the limb.
Scan Parameters: Cone-beam imaging technology was used, with a scanning range covering the distal one-third of the forearm. Scan speed: 5 mm/s; resolution: 0.1 mm.
Data Output: The system automatically generates parameters including T-score, Z-score, bone mineral density (BMD), bone mineral content (BMC), and bone quality index.
(IV) Training Protocol Phases
The training protocol was divided into the following phases:
(1) Preparation Phase:
① Activate the suspension system and main unit via backpack buttons. Complete physician and patient logins after system startup.
② Lower the suspension to its lowest position, unlock knee braces, release straps, and adjust foot straps to the rear position.
(2) Training Phase:
① Transfer the patient from the wheelchair to the device seat. Adjust leg length and hip width to ensure the backrest fits snugly against the patient's waist.
② Configure training parameters on the touchscreen, including robot operation mode, trigger settings, stride length, and walking speed. Sequentially secure straps from feet to lower legs, calves, thighs, and torso.
③ Lift the suspension frame until the patient's feet are off the ground, then remove the seat and verify all straps are securely fastened.
④ Initiate standing by pressing the confirm button, lowering the suspension frame until the patient's feet touch the ground.
⑤ Customize parameters such as walking distance and duration according to the patient's condition, then press confirm to start training.
⑥ Closely monitor the patient's status during training. Stop when the session is complete as indicated.
⑦ Activate sitting mode by pressing confirm to return the patient to the seat. Lower the suspension frame, sequentially untie straps, and retract armrests.
⑧ Transfer the patient back to the wheelchair, return them to the ward, inspect skin condition at major bony prominences, and promptly document training progress.
(3) Emergency Response:
In case of a sudden change in the patient's condition during training, press the emergency stop button immediately. Return the patient to the seat, sequentially unfasten straps, retract armrests, and transfer them back to the ward.
