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Fig. 4. 3D pose estimation using the MTSA-former model:  
a – input 2D human keypoint detection;  

b – reconstructed 3D human skeleton predicted by the model

Gait analysis techniques. Both 2D and 3D gait analysis are essential tools for evaluating gait and identi
fying deviations or abnormalities in movement. Gait analysis plays a vital role in the diagnosis and treatment 
of various musculoskeletal and neurological disorders. Using the logical framework motion features – normal 
range and abnormality grading – clinical significance, the angular variation parameters commonly observed 
during gait are systematically categorised and interpreted [9]. As shown in the table, the maximum ankle dor-
siflexion angle, peak knee flexion during the swing phase and pelvic obliquity at midstance represent the core 
lowerlimb motion patterns in the 2D plane, whereas the knee progression angle and maximum trunk lateral 
shift reflect integrated manifestations of coordination and balance control in 3D space [10].

Gait analysis features

Feature Expression 
dimension

Involved 
plane Normal range Mild 

abnormality
Moderate 

abnormality
Severe 

abnormality
Clinical 

significance

Maximum 
ankle 

dorsiflexion 
in stance

2D single 
plane

Sagittal 
plane

Dorsiflexion 
by 10–15°

Dorsiflexion 
by 5–9°  

or 16–20° 

Dorsiflexion 
by 0–4°  

or 21–30° 

Plantarflexion 
position or 
dorsiflexion 

by >30° 

Assess ankle 
range of 

motion and 
gastrocnemius 

tightness

Peak knee 
flexion in 

swing

2D single 
plane

Sagittal 
plane

Flexion  
by 55–65°

Flexion  
by 45–54° 
or 66–75° 

Flexion  
by 35–44°  
or 76–85° 

Flexion  
by <35°  
or >85° 

Assess foot 
clearance ability 
and quadriceps 

strength

Pelvic 
obliquity at 
mid-stance

2D single 
plane

Coronal 
plane

Drop of 
stance side 

by 4–6°

Drop  
by 2–3°  
or 7–9°

Drop  
by 0–1°  

or 10–12°

Elevation  
or drop  
by >12° 

Assess hip 
abductor strength 

and trunk 
stability

Knee 
progression 

angle at 
mid-stance

3D 
composite

Sagittal 
and 

transverse 
planes

Knee 
forward 
direction  
by ±5°

External 
or internal 

rotation  
by 6–10°

External 
or internal 

rotation  
by 11–20°

Rotational 
deviation  
by >20° 

Assess lower 
limb rotational 
alignment and 

knee joint stress

Maximum 
trunk 

lateral shift

3D 
composite

Coronal 
and 

transverse 
planes

Lateral 
shift toward 
stance side 
by 3–5 cm

2–3 or 
6–7 cm

1–2 or 
8–10 cm

<1 or  
>10 cm

Assess balance 
control and 

energy efficiency

In gait analysis these indicators use joint angular variations as the core quantitative diagnostic basis. By pre
cisely measuring the angular range of specific joints during the gait cycle and comparing it with standard normal 
intervals, clinicians can quantitatively assess the severity of issues such as muscle weakness, joint contrac
ture or neuromotor impairment. For example, an ankle dorsiflexion angle of less than 5° during the stance  
phase often indicates tightness of the gastrocnemius or soleus muscles, while a knee progression angle de


