
S1 Velocity Vector Calculation 
We averaged the 20 velocity samples before the instillation start time: 

Define the subset of the world velocity data: 

𝐕𝑤𝑜𝑟𝑙𝑑 = [

𝑣𝑥,1 𝑣𝑦,1 𝑣𝑧,1
𝑣𝑥,2 𝑣𝑦,2 𝑣𝑧,2
⋮ ⋮ ⋮

𝑣𝑥,19 𝑣𝑦,19 𝑣𝑧,19

] 

The mean velocity vector, 𝐯, is calculated by averaging each column: 
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Where 𝐕𝑖 denotes the ith row vector in 𝐕. 

Finally, normalize 𝐯 to obtain a unit vector: 

𝐯unit =
𝐯

∥ 𝐯 ∥
 

Define the reference unit vector: 

𝐮 = [
0
0
1
] 

proj𝐮𝐯 = (
𝐯𝑇𝐮

∥ 𝐯 ∥
)

𝐯

∥ 𝐯 ∥
 

The 𝐗 vector is then: 

𝐗 =
𝐮 − proj𝐮𝐯

∥ 𝐮 − proj𝐮𝐯 ∥
 

Calculate the 𝐘 vector: 

𝐘 =
𝐯 × 𝐗

∥ 𝐯 × 𝐗 ∥
 

Construct the rotation matrix: 

𝐑𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦
𝑊𝑜𝑟𝑙𝑑 = [𝐗 𝐘 𝐯] 

This results in a rotation matrix 𝐑𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦
𝑊𝑜𝑟𝑙𝑑  that reorients the data into the “velocity vector” frame, capturing 

the direction of bottle motion as the primary axis. 

  


