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Trajectory simulation of particle motion 

   The equation of particle motion in liquid medium under net forces is described as 

following,1 

𝛿𝑉�⃗� = �⃗�𝑚𝑎𝑔 + �⃗�𝐷 = �⃗�𝑚𝑎𝑔 + �⃗�𝑓 + �⃗�𝑣𝑖𝑠        (1) 

In this equation, 𝛿 is the density of the particle (kg m3), 𝑉 is the volume of the particle (m3), 

�⃗� is the acceleration of the particle, �⃗�𝑚𝑎𝑔 is the magnetic force, �⃗�𝐷 is the drag force (the 

Stokes force), �⃗�𝑓 and �⃗�𝑣𝑖𝑠 are frictional and viscous forces. Thus, in cylindrical coordinate 

the acceleration of the particle is given by, 

𝑎𝜌 = (𝐹𝑚𝑎𝑔
𝜌

+ 𝐹𝑓
𝜌
+ 𝐹𝑣𝑖𝑠

𝜌
)/𝛿𝑉        (2) 

𝑎𝜑 = (𝐹𝑚𝑎𝑔
𝜑

+ 𝐹𝑓
𝜑
+ 𝐹𝑣𝑖𝑠

𝜑
)/𝛿𝑉        (3) 

Subsequently, differences in radial distance (𝜌) and phase angle (𝜑) are given by the time 

variation (∆𝑡) as following, 

∆𝜌 = 𝑎𝜌∆𝑡
2         (4) 

∆𝜑 = 𝑎𝜑∆𝑡
2/𝜌       (5) 

As a result, the time variation of trajectory in circumferential and radial components of 

particle motion was numerically obtained using the above equations. 
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Figure S1. (a and b) Angular dependence of the magnetic forces, 𝐹𝑚𝑎𝑔
∅  and 𝐹𝑚𝑎𝑔

𝑧 , on a 

superparamagnetic particle with a diameter of 2.8 µm and a magnetic susceptibility of 0.7 

around a micromagnet under in-plane fields from 1.5 to 5 mT. (c) Magnitude of 𝐹0 as a 

function of the field strength. 
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