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Fig. S1 Magnetization curves (magnetic moment per unit mass) of CIPs and 60wt%-MRE. 

 

Fig. S2 Magnetic simulation of representative volume element (RVE) of MRE evaluated by COMSOL. 

(a) Magnetic flux density indicated by the color and streamline; (b) Magnetic surface stress tensor 

indicated by the red arrow on the particle surface. 

 

Note S2. The qualitative fitting analysis of the magnetic-induced deformation of MRE film 

Fig.S3 shows the deformation diagram of the MRE film, we assume that the deformed MRE film 

formed a cone, the radius of MRE film is R, from Eq.(6) we can deduce that the ∆𝑑 of particle can 

be expressed as 

∆𝑑 =
2𝜋𝜇0𝑟

6𝐻2

𝑑4𝑘
                 (S1) 



 

Fig. S3 The schematic diagram of the simplified deformation of the MRE film. 

To simplify, we only consider a single-layer particles, as a consequence, the total ∆𝑑  can be 

expressed as 

∆𝑑𝑠𝑢𝑚 = ∑ ∆𝑑𝑛
𝑁
𝑛=1 =∑

2𝜋𝜇0𝑟
6𝐻2

𝑑4𝑘𝑛

𝑵
𝒏=𝟏          (S2) 

𝑘𝑛 is the coupling constant between the different particles, the value of ∆𝑑 can be positive 

or negative, and the sign of ∆𝑑 indicated the 𝐹𝑒𝑙
′  is a tensile or compressive elastic 

force. Eq (S2) can be simplified to 

∆𝑑𝑠𝑢𝑚 = 𝐾𝐻2                   (S3) 

where 𝐾 = ∑
2𝜋𝜇0𝑟

6

𝑑4𝑘𝑛

𝑁
𝑛=1  is assumed as constant. Therefore, the deformation along the Z-axis 

direction of center in MRE film can be expressed as  

∆𝑧 = √(𝑅 + ∆𝑑𝑠𝑢𝑚)2 − 𝑅2           (S4) 

Simultaneous equations S3 and S4 can be obtained 

∆𝑧 = √𝐾2𝐻4 + 2𝐾𝑅𝐻2           (S5) 

we also assume that the dielectric permeability 𝜇 is a consatant, the magnetic flux density 𝐵 =

𝜇𝐻, and from Eq (2) we can deduce that the magnetic field strength 𝐻0 =
𝐻

𝛼𝑓(𝜆)+1
, therefore the 

relationship between the ∆𝑧 and 𝐵 can be expressed as follow 

∆𝑧 = 𝐵√𝜑𝐵2 +𝜔           (S6) 



where 𝜑 = (∑
2𝜋𝜇0𝑟

6

𝑑4𝑘𝑛

𝑁
𝑛=1 )

2

×
1

[(𝛼𝑓(𝜆)+1)𝜇]4
 and 𝜔 =

2𝑅

[(𝛼𝑓(𝜆)+1)𝜇]2
× (∑

2𝜋𝜇0𝑟
6

𝑑4𝑘𝑛

𝑁
𝑛=1 ) are constant. 

We have detected the magnetic-induced deformation ∆𝑧 of the MRE films with different CIP 

content by using the laser rangefinder, the test dates and the fitting result according to Eq (S6) 

shown in Fig. S4, the fitting parameters 𝜑 and 𝜔 were listed in Table S1. It can be seen that the 

Eq (S6) can be well used to describe the magnetic-induced deformation ∆z of the MRE films. The 

parameters 𝜑 and 𝜔 were increased with the increasing CIP content, which indicated the MRE 

film with the higher CIP content has the higher magnetic-induced deformation sensitivity. It can be 

attributed to stronger magnetic interaction of CIP in the MRE film with higher CIP content. 

 

Fig. S4(a) The magnetic-induced deformation of the MRE film with different CIP content; (b) 

Fitting result of the magnetic-induced deformation based on Eq (S6). (Symbols are experimental 

date and solid lines are the predicted curves.) 

Table S1.The values of parameters of the fitting result according to Eq (S6). 

Sample 𝜑(× 10−5) 𝜔(× 10−3) 

Sample-20wt% 4.79±0.04 1.3±0.1 

Sample-30wt% 8.96±0.17 5±0.3 

Sample-40wt% 12.53±0.56 8±0.5 

Sample-50wt% 28.83±0.48 10±0.4 

Sample-60wt% 71.36±2.68 15±0.8 



 

 

Fig. S5 SEM images of the (a) CIP and (b) isotropic MRE with 60wt% CIP. 

 

 

Fig. S6 (a) The magnetic-induced deformation of the MRE film with different thickness; (b) Tensile 

curve of the MRE film with different CIP content. 

 

 

 



 

Fig. S7(a) The output current of TENG under the time-varying magnetic field, the different curves 

corresponding to the different changing magnitude of magnetic field; (b) The output current of 

TENG under the time-varying magnetic field, the different curves corresponding to the different 

changing rate of magnetic field; (c) The output current of TENG under the sinusoidal magnetic field 

with frequency of 2Hz, the the different curves corresponding to the different changing amplitude 

of magnetic field; (d) The output current of TENG under the sinusoidal magnetic field with 

amplitude of 330mT , the the different curves corresponding to the different frequency. 

 

 

 



 

Fig. S8 (a) The output voltage of TENG under the uniformly increases UMF, the different 

curves corresponding to the different gap between the upper part and lower part; (b) Output 

voltage of TENG under the transient UMF with different angle. 

 


