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Supplementary Information 

S1. Refractive error correction 

The equations utilized in the module for refractive error corrections are observed as below: 

 
𝑅̅ = √(𝑥𝑑 − 𝑥𝑐)2 + (𝑧𝑑 − 𝑧𝑐)2 (S1) 

 𝜃1 = tan−1 (
𝑅̅

𝑦𝐷 + 𝑦𝑤 + 𝑦𝑙
) (S2) 

 𝜃2 = sin−1 (
𝑛1 sin 𝜃1

𝑛2
) (S3) 

 𝑅 = 𝑦𝐷 tan 𝜃1 + 𝑦𝑤 tan 𝜃2 + 𝑦𝑙 tan 𝜃1 (S4) 

where (xc, zc) represents the coordinates of optical centre, (xd, zd) the camera detected particle 

centroid, 𝑅̅ the observed displacement from optical centre, 𝑦𝐷 the detected horizontal particle-

to-wall distance, yw the acrylic wall thickness, 𝑦𝑙 the horizontal lens-to-wall distance, (θ1, θ2) 

the Snell’s law angles, (n1, n2) the refractive indices of (air, acrylic), and R the corrected 

displacement from optical centre. Intrinsically, coordinates corrected for refractive error (xr, zr) 

can be determined through rationalizing for similar triangles, and are computed as follow: 

 𝑥𝑟 = 𝑥𝑐 + (𝑥𝑑 − 𝑥𝑐).
𝑅

𝑅̅
  (S5) 

 𝑧𝑟 = 𝑧𝑐 + (𝑧𝑑 − 𝑧𝑐).
𝑅

𝑅̅
 (S6) 
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S2. Perspective error correction 

The equations utilized in the module for perspective error corrections are observed as below: 

 𝑥𝑎 =
𝑦𝐷 + 𝑦𝑤 + 𝑦𝑙

𝑦𝑓 + 𝑦𝑤 + 𝑦𝑙

(𝑥𝑟 − 𝑥𝑐) + 𝑥𝑐 (S7) 

 𝑧𝑎 =
𝑦𝐷 + 𝑦𝑤 + 𝑦𝑙

𝑦𝑓 + 𝑦𝑤 + 𝑦𝑙

(𝑧𝑟 − 𝑧𝑐) + 𝑧𝑐 (S8) 

where 𝑦𝑓 represents the frame-to-wall distance, and (xa, za) the calculated coordinate of the 

tracer particle. 

S3. Coordinates detection iterative module 

The equations utilized in the iterative module for coordinate detection are observed as below: 

 𝑦𝑎+1 =
𝑦𝑟 − 𝑦𝑐

𝑧𝑙 + 𝑧𝑤 + 𝑧𝑓
(𝑧𝑙 + 𝑧𝑤 + 0.5𝑧𝑓 − 𝑧𝑎) + 𝑦𝑐 (S9) 

 𝑧𝑎+1 =
𝑧𝑟 − 𝑧𝑐

𝑦𝑙 + 𝑦𝑤 + 𝑦𝑓
(𝑦𝑙 + 𝑦𝑤 + 0.5𝑦𝑓 − 𝑦𝑎) + 𝑧𝑐 (S10) 

where ya represents the calculated y coordinate of tracer particle. 


