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of a hydrophobic rod rotating into water
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Abstract 

This paper investigates the change of the relative magnitudes of force and impulse components generated by the 
rotational motion of a hydrophobic carbon rod moving into water from the water surface, by varying the rod length. 
Whereas added mass force and drag force were dominant regardless of the rod length, buoyancy force and surface 
tension force were relatively small. For relatively short rod lengths (2, 4, 6 cm), drag forces were larger than added 
mass forces in the beginning of the rotational motion; the magnitudes of the two forces, however, reversed during 
the rotation. It was found that the reversals of magnitudes of the two forces occurred when the velocity at the end of 
the rod was 0.5 m/s. On the other hand, for a long rod length of 8 cm, added mass force was higher than drag force 
throughout the rod motion. The change of impulse by varying the rod length showed a similar tendency to that of 
force. Added mass impulse and drag impulse were also considerably larger than buoyancy impulse and surface ten‑
sion impulse. Furthermore, drag impulse was larger than added mass impulse for short rod lengths, and the magni‑
tudes of the two impulses reversed for long rod lengths. Compared to the shorter rod, the larger rod has a relatively 
low momentary force, but its force has much larger duration time, resulting in an increase of impulse.

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made.

Introduction
All living things have unique moving methods that have 
been developed through evolution. Creatures that walk 
or run on the ground use frictional or reaction forces. 
The surface of the earth is solid and hard and thus, suf-
ficient frictional and reaction forces can be provided. In 
contrast, because the surface of water is easily deformed 
by external forces, the frictional and reaction forces 
from the water surface are much smaller than those 
from a solid surface. Like animals that move on solid 
ground, those moving on a water surface also can walk, 
run, and jump on it. Animals that are relatively large, 
however, cannot move on the water surface due to their 
heavy weight. The Basilisk lizard, among relatively large 
reptiles, can run on water by slapping the water with its 
back feet. Fringes between its toes create a large surface 
area. When the foot slaps the water, the large foot sur-
face makes a large hole in the water, and the generated 
buoyancy pushes up the lizard. It has been measured that 

this motion produces 110–225% of the force needed to 
support the lizard’s weight [1]. However, while the Basi-
lisk lizard can move on water through his quick slapping 
motion, it cannot stand on the water surface due to its 
heavy weight.

The water strider, which is much smaller and lighter 
than Basilisk lizard, is representative of insects that live 
on water. The water strider’s legs are superhydrophobic; 
the surface tension force created by the legs can sup-
port up to 15 times its weight [2]. Therefore, water strid-
ers can stand, move, and jump on the surface of water. 
Water striders jump in order to overcome the limita-
tion of movement and escape predatory threats [3]. 
Many researchers have recently developed water strider 
robots that mimic the shape and movement of natural 
water striders [4–7]. There are two major trends in this 
research: development of an actuation mechanism to 
increase the moving speed [4] and increase of the sur-
face tension force by surface modification of the legs 
[5–7]. However, previous studies have mostly focused on 
forward movement on the water surface; little research 
has been carried out on jumping. Shin et  al. conducted 
research that represents the first step toward a water 
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jumping robot that emulates the ability of the water 
strider and a fishing spider to jump on the water surface 
[8, 9]. A shape memory alloy actuator was used for the 
slapping motion of the legs. The robot jumped by push-
ing the water surface with rapidly released legs that were 
initially bent. They successfully measured the jumping 
height according to the bending angle of the legs, and 
showed the water jumping efficiency versus the bending 
angle. The water jumping efficiency was defined as the 
ratio of the maximum jumping height on the water to 
that on the ground.

However, analysis of each force element and each 
impulse element generated by each force while the robot 
legs push the water was not conducted. Impulse is the 
physical quantity that has a direct effect on the jumping 
height of a jumping object [10]. We aim to analyze each 

force element and each impulse element when hydropho-
bic rods have rotational motion with high speed moving 
into water from the water surface. In addition, we investi-
gate the change of the impulse generated from each force 
by varying the rod length. In order to analyze the force 
and impulse acting on the rods in the water, we con-
strained the rotational motion of the rods in the water in 
this study.

Theory: force and impulse generated 
by the movement of the rod on the water
When a hydrophobic rod strikes a water surface, as 
shown in Fig.  1a, the instantaneous force (F) acting on 
the rod can be divided into two main categories: the force 
acting area (S) of the rod in direct contact with the water 
and the force acting on the contact line (C) of the rod 

Fig. 1 Four major reaction forces acting on a rotating carbon rod (a) and its cross section (b)



Page 3 of 9Park et al. Micro and Nano Syst Lett             (2019) 7:1 

with the water surface. If the weight of the rod is ignored, 
the instantaneous force can be written as the summation 
of these two forces:

Here, T = − pI + 2μE is the hydrodynamic stress tensor, 
p the fluid pressure, I the identity matrix, μ the viscosity, 
and E the rate of strain tensor defined as [∇u + (∇u)T]/2. 
Here, u represents the velocity of the rod. p can be 
expressed by the time-dependent Bernoulli equation 
[11–13]:

where φ is the velocity potential and c is a constant. Sub-
stituting p obtained from Eq. (2) into the stress tensor T, 
the force can then be expressed as

Each term of the right hand side represents the added 
mass force, drag force, buoyancy force, viscous force, and 
surface tension force. The viscous force is negligible when 
the bulk Reynolds number is large [11–13]. Therefore, 
impulse, which is defined by the integral of the instanta-
neous force with respect to time, can be expressed as

Added mass impulse, drag impulse, buoyancy impulse, 
and surface tension impulse can be obtained from Eq. (4). 
Because the forces acting vertically from the water sur-
face have a direct effect on jumping, the vertical compo-
nents were extracted from the forces and thus the vertical 
impulse components were considered. It is assumed that 
the rod comes into contact with the water at its lower 
half while rotating in this study.

Design and fabrication
Working mechanism and design
Figure  2a, b show a carbon rod that is bonded with a 
torsion spring. The other side of the torsion spring is 
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inserted into an aluminum tube and bonded. A string, 
which connects the aluminum tube and the carbon rod, 
folds the carbon rod as shown in Fig. 2a. The carbon rod 
in this folded initial state is laid parallel on the water sur-
face and the angle between the aluminum tube and the 
carbon rod is 90°. As soon as the string is severed, as 
shown in Fig.  2b, the carbon rod begins to rotate into 
the water. The aluminum tube does not move during the 
rotation of the carbon rod.

As shown in Fig.  2c, the center part of the torsion 
spring is wound twice with a center diameter of 2.5 mm. 
While the left end of the torsion spring is wound once 
with a diameter of 1  mm, the right end is straight. The 
4-mm-long right side is inserted into a hollow aluminum 
tube and bonded with epoxy. The 11-mm-long left side is 
bonded with a carbon rod and the ring at the left end is 
connected with a string, the length of which controls the 
bending angle of the torsion spring. The angle between 
the left and right sides is designed to be 150°. The sur-
faces of the carbon rods are hydrophobically modified as 
shown in Fig. 2d. In order to investigate the change of the 
forces and impulses according to the rod length, four dif-
ferent rod lengths were designed: 2, 4, 6 and 8 cm.

Fabrication
Spring steel with 0.35  mm diameter was wound twice 
with a center diameter of 2.5  mm. The spring constant 
of the fabricated torsion springs was 0.0584 mN  m/deg 
(measurement system: PRO-TS-50-E-220, K&K Trad-
ing, Korea). The straight-type right part of the fabricated 
spring was inserted into an aluminum tube of which 
the inner diameter was 2.5 mm, and then bonded using 
epoxy (Alteco F-05, Alpha Techno, Japan). The ring-
type left part was adhered on the carbon tube (Midwest, 
USA) using the same epoxy. Inner and outer diameters 
of the hollow-type carbon rod were 0.3 mm and 0.7 mm, 
respectively. The carbon rod was coated with a sol–gel 
solution (SS20, NanoM, Korea). The sol–gel solution 
based on fluoroalkyl silane and tetraorthosilicate con-
tains silica nanoparticles with 15 nm diameter to lend a 
hydrophobic nature. Figure 2b shows a fabricated sample 
with a 6-cm-long carbon rod. The angle between the car-
bon rod and the aluminum fixture is decreased by con-
trolling the length of the Teflon string, which is 0.4 mm 
in diameter (Nfive, Xmesis, Japan) and connects the con-
nection ring of the torsion spring and the aluminum fix-
ture, as shown in Fig. 2a. While the carbon rod makes an 
angle of 90° with the aluminum fixture in the triggered 
state (Fig.  2a), it makes an angle of 150° in the released 
state (Fig. 2b). Figure 2d shows that the combination of 
the rough surface morphology of the nanoparticles and 
the hydrophobicity of the sol–gel solution modifies the 
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surface of the rod to be strongly hydrophobic (with a 
measured contact angle of 142°).

Measurements and discussion
Measurement methods and results
The triggered carbon rod starts to rotate as soon as the 
Teflon string is cut. The center of the string is cut using a 
razor (ST-300, Dorco, Korea) that is heated until it turns 
red to minimize external force acting on the string during 
cutting. Rotational motion of the carbon rod in the water 
is captured using a high-speed CCD (charge coupled 
device) camera (Phantom, Vision research, USA). While 

a carbon rod makes an angle of 90° with the aluminum 
fixture in the triggered state (Figs.  2a, 3a), it makes an 
angle of 150° with the aluminum fixture when the rota-
tional motion of the carbon rod is finished (Figs. 2b, 3c). 
A frame rate of 2550 fps (exposure time: 400 μs, 392 μs) 
has been set for capturing images. The Ph630 program 
(Phantom, Vision research, USA) was used to measure 
the angle between the water surface and the carbon rod 
from the captured images. The carbon rod is on the water 
surface in the triggered state (Fig. 3a), and consequently 
the angle between them is zero. Henceforth, the angle of 
rotation refers to the angle between the carbon rod and 

Fig. 2 Photos of the fabricated device in its triggered state (a) and released state (b). c Dimensions of the torsion spring. d SEM image of the 
surface of the hydrophobically‑modified carbon rod (contact angle = 142°). The figure shown in (c) is not to scale
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the water surface. Figures 3a–c are respective time lapse 
series of images of rotation of a 4-cm-long carbon rod in 
the water captured at 0, 4, and 8.4 ms. The measurement 
was taken five times for each sample and the average val-
ues were obtained from the measured data and plotted. 
The time it takes to complete the rotational motion of 
the carbon rod increased as the length of the carbon rod 
increased (2 cm: 2.4 ms, 4 cm: 8.4 ms, 6 cm: 20 ms, 8 cm: 
40.4 ms), as shown in Fig. 4.

In order to obtain forces and impulses acting on a car-
bon rod, the carbon rod was divided into very small spans 
of 0.1  mm through the entire length of the rod. Forces 
and impulses acting on each span were obtained and 
they were then integrated through the whole length of 
the carbon rod. As shown in Fig. 1b, it was assumed that 
only the lower half of the rod surface contacts the water 
during the rotational motion of the carbon rod. Because 
vertical components of forces and impulses to the water 
surface have a direct effect on jumping, respective verti-
cal components of velocity (u) and acceleration potential 
(Δφ/Δt) obtained from each span (0.1 mm) were inserted 
in Eqs.  (2) and (3). Therefore, hereafter, all forces and 
impulses described in this paper are components that are 
vertical to the water surface.

Force elements
Figure 5 shows the change of the magnitude of four force 
elements according to time for each rod length. While 
added mass force and drag force are dominant regard-
less of the rod length, buoyancy force and surface tension 
force are relatively small. This is ascertained that high 
velocity and acceleration caused by rapid rotation of the 
carbon rod considerably increased the drag force and the 
added mass force, respectively.

In the case of the rod lengths of 2, 4, and 6 cm, although 
drag forces were higher than added mass forces when the 
rotational motion starts, the magnitudes of the two forces 
reversed during rotation (Fig.  5a–c). Each arrow mark 
shown in Fig.  5a–c represents the point where the two 
forces are reversed. The rotational angle where the rever-
sal of magnitudes of the two forces occurred became 
smaller with greater rod length (2 cm: 50.7°, 4 cm: 29.5°, 
6 cm: 11.20°). In these three rod lengths, it was found that 
the reversals of magnitudes of the two forces occurred 
when the velocity at the end span of the rod was 0.5 m/s. 
Therefore, drag force is larger than added mass force 
when the velocity of the end span is higher than 0.5 m/s, 
but vice versa when it is lower than 0.5 m/s. On the other 
hand, added mass force is higher than drag force from 
start to finish for the rod length of 8 cm.

Fig. 3 Time lapse series of images of rotation of a 4‑cm‑long rod: a 
0 ms, b 4 ms, and c 8.4 ms
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Since the rotational speed is relatively high at the early 
stage of motion, drag force having a square term of the 
velocity (u) is larger than added mass force having a 
linear term of the acceleration (Δφ/Δt). When the rota-
tional speed decreases, drag force decreased relatively 
rapidly due to a decrease in the second order of veloc-
ity compared to that of added mass force, which linearly 
decreased by acceleration; reversal of magnitudes of the 
two forces consequently occurred. The resistance by 
water became higher with greater rod length. The rota-
tional speed of the carbon rod decreased relatively rap-
idly, and thus the force reversal phenomenon occurred at 
a relatively small rotational angle with larger rod length.

Impulse elements
Figure  6 shows the change of the magnitude of each 
impulse element by four force elements according to time 
for each rod length. Similar to force elements, impulses 
by added mass force and drag force are considerably 

larger than those by buoyancy and surface tension forces. 
In the case of the rod lengths of 2 and 4 cm, as shown in 
Fig. 6a, b, the drag impulse is larger than that by added 
mass force throughout the motion period. In the case of 
6 cm, as shown in Fig. 6c, the drag impulse is larger than 
that by added mass force in the early stage; the magni-
tudes of the two impulses reversed, however, in the mid-
dle of the rotational motion. In the case of 8 cm, as shown 
in Fig. 6d, added mass impulse is larger than that by drag 
force throughout the motion period.

As shown in Fig. 5, a rod of a short length has a rela-
tively larger momentary maximum force compared to 
that of a larger length; the duration time of the force is, 
however, much shorter. For instance, while the 4-cm rod 
shows a maximum resultant force of 0.61  N at 0.4  ms 
(5.21°) (Fig.  5b), the 8-cm rod shows 0.38  N at 2.8  ms 
(7.45°) (Fig.  5d). The momentary maximum result-
ant force of the 4-cm rod is 1.6 times larger than that of 
the 8-cm one. For the duration time of the momentary 

Fig. 4 The change of the rotating angle of each rod according to time: a rod with 2 cm length, b 4 cm, c 6 cm, and d 8 cm



Page 7 of 9Park et al. Micro and Nano Syst Lett             (2019) 7:1 

resultant force, the 4-cm rod shows a 2.4-ms duration 
time to maintain a momentary force larger than 0.1  N; 
the 8-cm rod meanwhile shows an 18.8-ms duration 
time. The duration time of a momentary resultant force 
higher than 0.1  N of the 8-cm rod is 7.8 times longer 
than that of the 4-cm rod. As a result, the decrement of 
the maximum momentary resultant force depending on 
an increase of a rod length is not considerable, but the 
increment of the duration time of the force is significant; 
thus the longer the rod length, the higher the impulse. It 
is expected that, because the jumping height of a jumping 
object is directly influenced by the impulse, it would be 
increased by increasing the rod length.

Figure 7 shows the ratios of each impulse element over 
the total impulse for 2, 4, 6, and 8-cm rods. Drag impulse 
is decreased by about 10% with 2 cm increments in the 
rod length. On the other hand, all other impulse ele-
ments increase as the rod length increases. For the 2-cm 
rod, the ratio of buoyancy impulse and surface tension 

impulse over the total impulse is 2.3%, whereas for the 
8-cm rod, it increased up to 19.6%.

Conclusion
We have analyzed the relative magnitudes of four force 
elements (mass force, drag force, buoyancy force, force by 
the viscous flow, and surface tension force) according to 
the rod length, when hydrophobic rods have rotational 
motion with high speed moving into water from the 
water surface. In addition, the dominant impulse element 
generated by each force has been investigated. While 
added mass force and drag force are dominant regard-
less of the rod length, buoyancy force and surface tension 
force are relatively small. In the case of the rod lengths of 
2, 4, 6 cm, although drag forces were higher than added 
mass forces when the rotational motion starts, the mag-
nitudes of the two forces were reversed during rotation. 
For these three rod lengths, it was found that reversals of 
magnitudes of the two forces occurred when the velocity 

Fig. 5 The change of the magnitude of four force elements according to time for each rod length: a 2 cm, b 4 cm, c 6 cm, and d 8 cm
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Fig. 6 The change of the magnitude of four impulse elements according to time for each rod length: a 2 cm, b 4 cm, c 6 cm, and d 8 cm

Fig. 7 The ratios of each impulse element over the total impulse of each rod length
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at the end span of the rod was 0.5 m/s. However, in the 
case of the rod length of 8  cm, added mass force was 
higher than drag force throughout the rod motion.

Added mass impulse and drag impulse are consider-
ably larger than those by buoyancy and surface tension 
impulses. Among the two impulses, while drag impulse 
is larger than added mass impulse for short rod lengths, 
magnitudes of the two impulses reversed for long rod 
lengths. However, buoyancy impulse and surface tension 
impulse gradually increased according to the increase 
of the rod length. The maximum momentary forces did 
not significantly decrease according to the increase of a 
rod; the duration time of the force, on the other hand, 
increased considerably. The increased duration time of 
the force is a key factor to increase the impulse for the 
larger rod. A high impulse contributes to increased jump-
ing height of a jumping object.
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