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Abstract - We report a worm-like soft robot controlled by magnetic anisotropy which is introduced by aligned Fe3O4 
magnetic microparticles (MMPs) in its elastomer body. When magnetic field is applied,MMPs tend to assemble themselves 
into the chain and develop a directionally responsive material. Moreover, we increased the magnetic property of magnetic 
particle embedded elastomer film by increasing the concentration of MMPs and find the best case to perform the worm-like 
motion of the actuator. The chained structure was fixed by curing material, integrated with a less-friction paper to make 
worm-like soft robot controlled by time-varying magnetic field. 
 
Index Terms - Magnetic microparticles, magnetic actuators, elastomers, soft robot 
 
I. INTRODUCTION 
 
Soft magnetic thin film elastomers with high 
magnetization property are highly desired in 
biomedical applications and a big challenge for 
researchers1-3. The softmagnetic thin film elastomers 
can be actuated with external magnetic field. One of 
the method for making high magnetization films is to 
use magnetic field.  
 
By applying external magnetic field, magnetic 
particles chain themselves in the direction parallel to 
the magnetic field4.The moments of MMPsare 
aligned in the field direction and they arecoupled 
(head to tail) into chain by dipolar attractive 
interaction5-13 asshown in figure 1.After curing the 
polymer composites which contain aligned MMP 
chains,it preserves its state even the field is 
removed.The actuation of chained elastomer films 
iscaused by torque when a continuous magnetic field 
acts to align moment of the MMPs. So aligning the 
particles into chain increasethe torque of elastomer 
film in the magnetic field. 
 
Previously microscale soft polymer actuator with 
chained MNPs aligned in different directions were 
connected together to form a micro actuator4.  
Artificial muscles, grippers, and many other 
modulating robots are common examples of such soft 
robotic devices14-16. Complex motions like curling 
bending etc. were caused by external applied 
magnetic field. 
 
Here we report MMPsaligned in chain within 
elastomer film allow worm-like motion. First, we 
examined the way to increase magnetic property of 
the actuator by changing the concentration of MMPs. 
Then, by using the best case, we fabricated the worm-
shaped actuator and demonstratedworm-like motion 
by applying time-varying magnetic field.  

 
II. EXPERIMENTAL SECTION 
 
A. Preparation of samples 
The actuatorwas prepared by mixing the Fe3O4 
particles with approximately <5 μm in diameter with 
the silicon rubber (Ecoflex 0020) at a mass ratio of 
30%. After mixing,sample waspoured on glass slide 
and putted in spin coater for 30 second 600 RPM to 
get desired thickness. After that, the sample was 
located immediately between the poles of 
electromagnet at 1000 Oehorizontal magnetic field. 
These steps are shown in figure 2. In order to prepare 
unchained sample, same mixing process was 
repeatedwith different concentration but without 
placing the sample between the poles of 
electromagnet. Finally,the sample was removed from 
glass slide, and cut into film strip. 
 
To fabricatethe warm-like soft robot,we folded the 
MMPs elastomer strip (20 mm length and 4 mm 
width) in three times along the length to form the zig-
zag configuration.Then, we put in into the 80°C 
ovenfor 3 hoursto maintain the zig-zag configuration. 
We also apply a piece of very smooth paper of less 
friction at its lower part and at middle part that is 
touching the floor to make a difference of friction 
between two ends. 

 
Figure 1. Basic principle of aligning the magnetic particles 

under external magnetic field. Because of the induced magnetic 
moment of each particle, they are coupled into chain when the 

magnetic field is applied. 
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Figure 2.Schematic fabrication of a chained magnetic 

elastomer film. (a) Mixing magnetic particles with Eco flex, 
(b)Pouring sample on glass slide, (c) applying spin coater, 

(d)applying horizontal field of 300 Oe by electromagnet with 
curing. 

B. Characterization 
After preparing the sample, SEM(Hitachi, SU-8000) 
images of chained and uniformly dispersed MMPs 
inside thin film elastomers were taken to confirm 
alignment of MMPs. The acceleration voltage was 
3.0kV and magnification was x500. To estimate the 
anisotropic magnetic property of MMPs in different 
condition, magnetizations of different types 
ofelastomer film were measured by vibrating sample 
magnetometer(Lake Shore Cryotrons, Inc., 7404-
S).MMPs were mixed with the Ecoflex at a mass ratio 
of 20%, 30%, 40%, 50%, and 60% for the 
dependency study of MMP concentration. In addition 
to this, axis of MMP chain in the film was positioned 
both parallel and perpendicular direction to the 
magnetic field to investigate the effect of difference 
direction to the magnetization. Every experiments 
were 5 times repeated with every new film samples 
for statistics. 
 
III. RESULT AND DISCUSSION 
 
We fabricated a soft robotic device with a thin film 
(100 μm thick) by Ecoflex and <5μm sized MMPs. 
Because of high saturation magnetization property 
and lack of magnetic hysteresis, we choose MMP 
particles of<5μm size. AndEcoflex polymer is 
selected because of its super elasticity and 
biocompatibility. Chained MMPs polymer thin film is 
prepared by applying 300 Oeuniform magnetic field 
by electromagnet, during chain process there is also a 
repulsive force between the magnetized chains 
causing them to disperse uniformly throughout the 
film. Figure 3 (a), (b) are SEM images of chained and 
uniformly dispersed magnetic elastomer film.  

 
Figure 3. SEM images (a) for chained, (b) for uniformly 

dispersed MMPs inside thin film elastomer. The scale bars are 
50μm. 

 
Figure 4. Comparison of magnetic properties of different kinds 

of magnetic elastomer thin film. (a) Magnetization values for 
different concentration of MMPs. (b) Magnetization difference 

in parallel and perpendicular magnetization. 
 

We got higher saturation magnetization values as 
increasing the concentration of MMPs as shown in 
figure 4 (a). To find the best option among the 
differentmagnetic elastomers that is maximize the 
performance, we found out maximum difference 
between parallel and perpendicular magnetization 
values as shown in figure 4(b);we got maximum 
difference at 30% concentration of MMPs. Parallel 
magnetization value is always greater then 
perpendicular value for each sample. Because 
domains of aligned elastomer film are in parallel 
direction and magnetic field pointed along same easy 
axis,so maximum magnetization is experienced in 
parallel direction as compared to perpendicular 
direction.In other words, becausemagnetization 
energy is equal to dot product of dipole moment “µ” 
and magnetic field strength “B”. U(Ѳ)=-µ·B. So that 
makesthe difference in energy between parallel and 
perpendicular direction. Cyclic magnetic field was 
applied with maximum field of 1500 Oefor worm-
like motion as shown in figure 5(a). When field is 
zero,the soft robot is at its normal position when field 
is applied at1500 Oe then it stretches along the field 
direction.So it repeats both stretching legsand coming 
back its original folding shape during the cycle. 
Owing to the MMPs chain in soft robot is positioned 
as parallel to the magnetic field,it experiences a 
maximum magnetic force in the field direction.In the 
same time,appliedless-friction papers at lower and 
middle part of actuator create a difference of friction 
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between two endsfor the sake ofone-directional 
walking motion. High friction part pulls the ground 
so that propel the robot body, low friction part just 
slides along the ground.The unchained worm-like soft 
robot had no locomotion but the chained one showed 
the locomotion and the speed was about 540 μm/sec 
(Figure 5(b). 
 
CONCLUSION 
 
We fabricated a soft robotic device with magnetic 
assembly of microparticles into elastomer filmand 
then showed the anisotropic response of chained 
MMPs.Chained elastomer films provide a strong and 
quick response to magnetic field. Moreover, we 
demonstrated the locomotive performance of worm-
like soft robot and it showed that the MMP chained 
soft robot had a higher performance than the 
unchained one. These results would be helpful for 
next development of biomedical application and soft 
robotics. 
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Figure 5. Experimental results for worm-like soft robot. (a) 

Applied cyclic magnetic field graph for worm-like motion. Red 
square indicates where the capture image was taken. (b) Steel 
cuts of worm-like motion with 4 cycles. It is going toward left 

side of the frame. 
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