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ABSTRACT 

Similar to macroboats, microboats can be potentially 
employed to transport a target from one place to another 
in a microfluidic system for the purposes of delivery and 
detection. In our previous works [1-3], we had developed 
a type of self-propelled microboats, which were capable 
of having straight motions at speeds of order 0.1m/s. In 
this work, using a combination of theoretical, numerical 
and experimental investigations, we explored another 
type of self-propelled microboats that could radial 
motions. This type of microboats had side rudders, and 
the radii of their radial motions could be controlled by 
varying the lengths of the side rudders. 
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INTRODUCTION  

Surface tension gradients may cause movements of a 
floating solid fragment on a liquid surface. These surface 
tension-driven motions of liquids and solid fragments are 
so-called Marangoni effect [4]. In the past 15 years, this 
effect has been applied to drive gels, whose dimensions 
ranged from millimeter to centimeter scales [5-7]. A gel 
was firstly immersed in a liquid (such as ethanol) and 
then placed in water. This liquid had a lower surface 
tension than water. Once it was expulsed from the gel, 
the surface tension difference between water and the 
liquid made the gel have translational and rotational 
motions. These motions depend on the size, shape, 
symmetry, and spouting hole of a gel. The gel of a 
smaller size might move faster [5]. Disk- [5-6] or 
rectangular-shaped gels [7] mainly had translational 
motions, while cubic- [7] or Y-shaped gels [7] had 
rotational motions. Our group also developed mm-scale 
SU-8 microboats and microflotillas using Isopropyl 
alcohol (IPA) as the propellant [1-3], which were 
capable of having translational motions along the 
longitudinal directions at the speeds of order 0.1 m/s. In 
this work, we further investigated how to steer the 
microboat in an open water area. For this purpose, we 
incorporated rudders of various lengths into the right 
sides of microboats, and explored the effects of these 
rudders on the radial motions of the microboats using a 
combination of theoretical, numerical and experimental 
investigations.   
 
PROPULSIVE MECHANISM  

As shown in figure 1, the propulsion of a microboat 
on a water surface was due to the difference between 

fore-to-aft surface tensions (ߪ௜ ൏ ௪ߪ ). When a liquid, 
which had a surface tension lower than water, exited the 
rear of the boat and covered the stern, surface tension 
behind the boat was reduced, becoming lower than that 
in front of the boat. This difference in surface tensions 
propelled the boat forward along its longitudinal 
direction.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
IPA was also used as the propellant in this work. 

There is a large difference between surface tensions of 
IPA and water, which are, respectively, 22.8 mN/m and 
72.8 mN/m at 20 °C. The presence of a side rudder 
induced an additional water resistance, Fr, which created 
a moment to rotate the microboat. Consequently, the 
microboat was able to have a radial motion. The moving 
path in such a motion was related to the length of the 
side rudder.  

 
DESIGN AND FABRICATION 

Schematic of a microboat is shown in figure 2(a). The 
microboat comprised two SU-8 layers. The top layer 
included a reservoir and a nozzle. The bottom layer 
sealed the bottom of the reservoir and nozzle. An SU-8 
side bar, which had the same thickness as the microboat, 
served as a rudder.  

The fabrication of such a microboat included three 
steps (figure 2(c)): (i) place a transparency on an S1813-
coated Si wafer, spin-coat the first SU-8 layer on the 
transparency, and pattern the SU-8 to form the bottom 
layer of the boat and the bottom portion of a side rudder 
using UV lithography, (ii) spin-coat the second SU-8 
layer on the first SU-8 film, and produce reservoirs,  
nozzles and the top portion of the side rudder using UV 
lithography, and (iii) dissolve S1813 using acetone and 
remove the transparency, together with the generated 
SU-8 microboat, from the Si wafer. Seven types of 
microboats were fabricated. They had the same hulls (25 

Figure 1: Force analysis of a microboat. ߪ௪  and ߪ௜  are 
surface tensions before and after the boat, respectively, and 
Fr is water resistance on the side rudder.  
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TEST RESULTS AND DISCUSSIONS

 Through experiments, we determin
between the length of a rudder and the r
motion. The radius was obtained ac
recorded moving trajectories.  

Microboats were tested in a 32-cm-l
wide glass container, which was partial
cm-deep distilled water. A paper marke
cm square patterns was placed under
container to find the location of a micro
was changed after each test. At the beg

Figure 2: Schematics and fabrication pro
microboat with a side rudder: (a) 3-D view 
A syringe with precision of 0.05 μl was use
the reservoir in the experiments. (b) A
microboat generated. (c) Procedure 
microboat.  
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Figure 3(a) gives sequential snapshots of the first loop in 
the radial motion of the microboat with the 2-mm-long 
rudder. After the acceleration during the first second of 
the motion, the speed of boat began to decreased from 
the maximum speed, which was around 0.14 m/s. The 
corresponding trajectory was close to a circle. Figures 
3(b)-3(d) are complete trajectories of microboats with 2-, 
4- and 8-mm-long rudders, respectively. The average 
radius of the approximately circular path and total travel 
distance both decreased with the increase in the length of 

the side rudder (figures 3(f) and 4(b)).  
 

Theoretical and numerical modeling 
Based on the free-body diagram shown in figure 1, 

the radial motion of a microboat may be described by the 
following three equations of motion:  ܫ ௗ௪ሺ௧ሻௗ௧ ൌ ௗ௩ܯ െ ݉ ௗ௚,                    (1)ܯ ௗ௩ೣሺ௧ሻௗ௧ ൌ ௗ௩ܨ cos ሻݐሺߠ െ ݉ ௫ௗ௚,              (2)ܨ ௗ௩೤ሺ௧ሻௗ௧ ൌ ௗ௩ܨ cos ሻݐሺߠ െ  ௬ௗ௚,             (3)ܨ
where I denotes the moment of inertia, ݉ the mass of the 
microboat with rudder, w the angular velocity, ݒ௫ and ݒ௬ 
the translational speeds in x and y directions respectively, 
and ߠ the angle of rotation at that moment. In equation 
 ௗ௩ are the driving torque and force, whichܨ ௗ௩ andܯ ,(1)
are determined by ܯௗ௩ ൌ ௗ௚ᇱܨ ൈ ௗ௩ܨ (4)                          ,݀ ൌ ሺߪ௪ െ   ௜ሻܹ,                        (5)ߪ
where the ܨௗ௚ᇱ is the drag force acting on side rudder,  ݀ 
is the distance between the middle lines of the microboat 
and the rudder (figure 1), ߪ௪  and ߪ௜  are the surface 
tensions of water and IPA, respectively, ܹ is the width 
of the microboat. In the equations (1)-(3), ܯௗ௚  is the 
moment induced by the drag, while ܨ௫ௗ௚  and ܨ௬ௗ௚  are 
the components of total drag in ݔ  and ݕ  directions, 
respectively. These three items, as well as ܨௗ௚ᇱ, can be 
determined by the equations, ܯௗ௚ ൌ ׬ ಽమିಽమݎ݀ ଶݎ ሻݐሺݓ ߟ ௫ௗ௚ܨ (6)                  ൌ ௬ௗ௚ܨ  ሻ ௖ܹ                     (7)ݐ௫ሺݒ ߟ  ൌ ௗ௚ᇱܨ ሻ ௖ܹ                     (8)ݐ௬ሺݒ ߟ  ൌ  ሻ ௥ܹ                      (9)ݐሺݒ ߟ
where L is the length of the microboat, ௖ܹ  is the 
characteristic length of boat and equals one half of the 
summation of boat length and width, ௥ܹ is the length of 
the side rudder and  ߟ is the coefficient between drag and 
the product of speed and object width. Because the 
Reynolds number in our case was around 1000, the flow 
around a microboat is considered to be laminar. Based 
on the relationship between drag coefficient ܥௗ  and 
Reynolds number ܴ௘  in the case that a flat plate is 
immersed in a laminar flow [9], we propose ܥௗ ൌ ఈோ೐ 
where ߙ is an unknown coefficient.  ܥௗ and ܴ௘ are also 
defined by the equations, ܥௗ ൌ ி೏೒଴.ହ ఘ ௩మ ௪ ஽ and ܴ௘ ൌ ௩ ஽జ , 
where ߩ is water density, w width of flat plate, D the 
length of flat plate and ߭  kinematic viscosity of fluid. 
Accordingly, we have ܨௗ௚ ൌ 0.5 α ߭ݓ ݒ ߩ , which 
indicates that drag is linearly proportional to the product 
of speed and plate width when water density and 
kinematic viscosity are constant. If we further define  0.5 α ߭ߩ as ߟ, we can obtain equations (6)-(9) as given 
above.  

After plugging equations (4)-(9) to the three 
equations of motion (i.e., equations (1)-(3)), we find that ߟ  is the only unknown to be determined. The speeds 
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Figure 3: Experimental results (a) Sequential snapshots of 
a radial motion for the microboat with a 2-mm-long rudder, 
experimental  trajectories for the microboats with (b) 2-, (c) 
4-, (d) 8-mm-long rudders, (e) representative speed vs. time 
curves and (f) total displacement  vs. rudder length. 
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could be experimentally measured (figure 3(e)) 
According to the in-situ observation, IPA was 
completely consumed within around 1 s after it had 
started moving out of the reservoir. Thus, after first two 
seconds of a motion, there should be no driving force 
and consequently the microboat should suffer only drag 
forces. The total drag force could be determined by the 
deceleration of microboat. Subsequently,   could be 
calculated. Finally, the three equations of motion are 
solved using Matlab. The initial conditions are all set to 
be zero. The driving force is considered to be constant 
before the complete consumption of the IPA. The first 
moving loops that were simulated are given in figure 4 
(a). Numerically and experimentally determined 
relationships of the radius of motion with the length of 
rudder were given in figure 4(b).  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
It can be seen from figure 4(b) that, when the length 

of a rudder is less than 7 mm, the numerical results have 
a good match with those of experiments. However, with 
the increase in the rudder length, the simulated radius of 
motion became gradually smaller than the corresponding 
experimental value. Two issues in simulation might 
cause errors. First, we assumed that the IPA only 
covered the stern but not the rear part of the side rudder. 

In real situations, IPA might cover part of the side rudder. 
Accordingly, an opposite torque would be generated due 
to the difference in the surface tensions between the front 
and rear portions of the side rudder, causing the increase 
in the radius of motion. The degree of this increase 
increased with the length of the side rudder, making the 
difference between numerical and experimental results 
also increase with the length of the side rudder. Second, 
when calculating the moment induced by drag, we only 
consider the drag acting on the microboat and did not 
consider that on the rudder.  
 
CONCLUSIONS 

In conclusion, the presented experimental results 
demonstrate: (i) through a side rudder, it is feasible to 
control the radial motion of a microboat; (ii) the radius 
of a radial motion decreases as the length of a rudder 
increases; and (iii) the total travel distance and the 
maximum speed both decrease as the length of a rudder 
increases. The theoretical results show that the 
trajectories of the microboat motion can be obtained by 
solving equations of motion. When a rudder is short, the 
numerical results have a good match with the 
experimental results, while the mismatch between 
numerical and experimental results increased with the 
length of the side rudder due to the simplified 
consideration in the simulation.  
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Figure 4: (a) Representatively simulated trajectories of 2-, 
4-, and 8-mm-long rudders microboats. (b) The 
comparison between the simulated results and 
experimental results of radius of motion vs. rudder length. 
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