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ABSTRACT The agile and efficient locomotion of water striders on water surface is attributed to the water
repellency ability of their slender legs. The legs are usually treated as rigid beams, neglecting the effect of
flexible deformation on its movement. Several studies proved that the stable floating ability of water striders
is closely related to the flexible legs. This paper focuses on exploring the flexible driven mechanism between
the insect and the surface of water and applied them to design a robot. The spatial deformation and force
models of the driving legs are established and analyzed based on the Euler-Bernoulli’s beam theory. The
influence of flexural rigidity and depth of a driving leg on the rowing speed is studied. Results indicates that
a flexible driving leg can effectively increase its critical rowing speed and ensure that it does not penetrate
the water surface at a higher speed, thus achieving a bigger driving force. Then a water strider robot capable
of walking on water surface is proposed, which possesses ellipse-like spatial trajectories by using a limit pin-
linkage. The driving legs are fabricated by different stiffness materials. Finally, the skating experiments of
the robots with different stiffness of the driving legs were carried out. The results verified that the maximum
rowing frequency of the flexible driving legs and maximum moving speed of the robot are more than 30%
higher than those with rigid legs, respectively.Moreover, a similarity analysis of hydrodynamic characteristic
constants reveals that the flexible driving robot is more analogous to the biological water striders.

INDEX TERMS Flexible driving legs, miniature robot, surface tension, water strider.

I. INTRODUCTION
Aquatic creatures depending on surface tension driven
method possess high agile and effective locomotion, which
has an important inspiration for the exploration and devel-
opment of surface tension driving technology. The waterlily
beetle stands on the water surface exploiting surface ten-
sion of the air-water interface and moves by flapping its
hind wings [1]. The mesovelia promotes itself by reducing
the surface tension coefficient on one side [2], [3], which
is called Marangoni effect. Water striders can float, walk
and jump freely on water surface depending on the sur-
face tension caused by the rowing of driving legs [4]–[7].
Miniature/micro water-walking robot inspired by water strid-
ers can be equipped to carry out various tasks such as water
quality monitoring and aquatic search and rescue and has
become a popular research focus.
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Ever since Bush and Hu [8] designed the first robot
mimicking the motion of water striders powered by elastic
thread, a lot of robots imitating water striders are reported
[5], [9]–[22]. Sitti et al. [10]–[12] designed a water strider
robot driven by T-shaped actuation mechanism composed
of three piezoelectric unimorph actuators, the legs are made
of hydrophobic Teflon coated wires. They also studied the
other two prototypes [13], [14]. Girad [15] designed a DC
motor driven water strider robot which weighs about 20g.
Wu et al. [16], [17] also fabricated two water strider robots
powered by DC motor. Yan et al. [18] designed a water
walking robot with a novel cam-link mechanism to mimic the
ellipse-like spatial rowing trajectory of water strider’s driving
leg. Up to now, the reported surface tension-driven robots
generally adopted rigid wires as support legs and driving legs,
utilizing the hydrophobic coatings to improve the supporting
force of the robots.

Studies have shown that when the contact angle (C.A) of
material is greater than 90◦, the maximum lifting force will
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be almost the same regardless of the C.A [10]. Experimen-
tal observation shows that the legs of water striders have a
small flexural rigidity. When supporting or rowing on water
surface, the legs can bend into a small curvature shape to
adapt to the deformation of water surface, which plays a
key role in increasing the water-repellent ability [23]–[33].
Feng et al. [23], [24] investigated the deformation of the
supporting legs on supporting force. They proved that the
adaptive-deformation capacity of a real leg through its three
joints plays a larger role than hydrophobicity in improving
the supporting force. Vella [25] numerically analyzed the
effect of bending deformation of a floating sender cylin-
der on supporting force and pointed out that the elastic
leg exists an optimal length, below or above this length
will result in the decrease in the support force. The result
confirmed the research of Song and Sitti [10] on the load
capacity of a compliant supporting leg. Through experiments,
Kong et al. [26] proved that flexible supporting legs can
effectively increase the supporting forces. Park and Kim [27]
calculated the maximum depression of a flexible sheet before
it pierces the water surface and demonstrated that a flexible
sheet can support more load than a rigid one before sink-
ing when the sheets are superhydrophobic. Koh et al. [33]
found that in the jumping process, the end tip of the driving
leg curved to maximize momentum transfer to water, and
designed the first surface tension driven jumping robot with
the end-curved superelastic shape memory alloy wires.

At present, the research on the leg flexibility of water
striders is mainly focused on the support legs. The flexibility
of driving legs has never been reported. However, based
on the bionic prototype and the research results of flexible
support legs, it is reasonable to assume that the flexibility of
driving legs should greatly improve its rowing efficiency and
locomotion stability.

In our previous work [34], flexible driving legs were
designed based on bionic structure, then a robot was designed
to verify the performance of flexible legs. Experimental
results showed that flexible driving legs can achieve bet-
ter performance. However, the deformation, force of flexi-
ble driving legs and the influencing factors have not been
analyzed quantitatively. The actual deformation of a living
driving leg when rowing is a complex space shape. And
its vertical deformation has a great influence on the row-
ing speed. In this paper, the flexible driven mechanism is
researched systematically. Spatial deformation model and
force model of driving legs are developed. The dynamic
behavior of the robot is analyzed through Matlab-ADAMS
co-simulation method. The experimental and simulation
results are compared and discussed deeply. The research
results show that driving legs with a certain flexibility can
effectively increase the walking velocity of a robot imitating
water striders. And there exists an optimum stiffness for
driving legs to maximize its movement performance. This
paper can provide reference for optimization and functional
application of water strider robots.

The rest of this paper is organized as follows. Section II
introduces flexible driving mechanism and the modeling
process of the flexible driving legs. In section III, a surface-
tension-drivenwater strider robot is designed, a new limit pin-
link mechanism capable of generating an ellipse-like spatial
trajectory is proposed. In section IV, the rowing locomotion
of the robot is analyzed through dynamic simulation. Then
a robot prototype is fabricated, experiments are conducted
by changing the stiffness and rowing frequency of the driv-
ing legs. Finally, hydrodynamic characteristic parameters are
used to discuss the locomotion similarity between this surface
tension-driven robot and a water strider.

II. FLEXIBLE DRIVING MECHANISM
A. ROWING PROCESS OF WATER STRIDERS ON
WATER SURFACE
Fig. 1 illustrates the snapshots of the rowing process of a
water strider [35]. The characteristic length and weight of an
adult water strider is about 20 mm and 10 mg respectively.
It has three pairs of legs, the front two legs are responsible
for grabbing and auxiliary supporting. The hind legs are used
to support the body. The middle pair is responsible for sup-
porting when floating and rowing when walking or jumping
on water surface. The cross-section diameter of the leg is
about 0.1mm.

FIGURE 1. Deformation of the flexible driving legs when rowing [35].

The skating process of water striders can be divided into
three stages according to the movement of middle legs: the
rowing stage, swing back stage and inertial skating stage.
Fig. 1 shows the completed rowing stage of a water strider.
Its middle legs press on water surface (Fig. 1a) and swing
backward rapidly (Fig. 1b and c). The surface tension and
hydrodynamic pressure in the forward direction promote its
body moving. The flexible legs are deformed in conformity
with the water surface, as is shown by the red broken line
in Fig. 1. At the end of the rowing stage (Fig. 1d), the middle
legs begin to detach from the water surface to reduce themov-
ing resistance, and are completely out of water surface when
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entering the swing back stage. In the third stage, the middle
legs fall back to the water surface, the body continues to skate
by inertia. The middle legs possess an ellipse-like spatial
trajectory, resulting in high water skating efficiency and low
fluctuation on water surface.

B. DEFORMATION AND FORCE ANALYSIS
1) FLEXIBLE DRIVING LEG MODELING
The thin and long legs of water striders possess multi-section
structure. Fig 2 (a) and (b) illustrate the schematic diagram of
a water strider and structure of a driving leg respectively. The
driving leg can be divided into coxa, femur, tibia and tarsus
and anterior tarsus. When rowing, the driving legs depress
into the water surface with a certain depth, part of the femur
and the whole tibia are in contact with the water surface.
The forces exerted on the tarsus segment and anterior tarsus
segment can be ignored since they are small in size. The
simplified driving leg model is built as is shown in Fig. 2 (c).
Here we assume that the depth of the driving leg when rowing
is h1 and the angle between femur and tibia is γ .

FIGURE 2. Deformation model of flexible driving legs.

For a rigid driving leg, its shape remains unchanged during
the rowing process. Due to the flexural rigidity, a flexible
driving leg will deform in horizontal direction and vertical
direction. In order to explore its deformation characteris-
tics, the above-mentioned driving leg structure was ana-
lyzed based on Euler-Bernoulli beam theory. Since the forces
exerted on per unit length of the leg vary with the rowing
velocity and depth, the leg is divided into discrete segments
according to the forces.

The coxa is connected to the body of the robot and almost
no deformation occurs. The femur is divided into two parts,
the part above water surface and the part under the water

surface, according to its depth. The tibia is the main com-
ponent of the driving leg rowing on the water surface and is
divided into n beam segments with equal length. The transla-
tional velocity of a beam unit is assumed to be the velocity of
the center of the segment, rotation velocity of the segment is
not considered.

As is shown in Fig. 2 (c), the forces exerted on each
beam segment Jk includes the force Fx(k) caused by itself
(sum of the surface tension, hydrostatic force, hydrodynamic
force and viscosity resistance), the resultant force Fb(k) and
resultant momentMb(k) of all the beam elements on the lateral
side (exerted on the end tip of segment k), the balance force
Fb(k+1) and balance momentMb(k+1) (exerted on the front tip
of the element). Specially, the forces exerted on the element
Jn+2 only contains the resultant force Fb(k+2) and resultant
moment Mb(k+2) of all the lateral units since it’s above the
water surface.

2) FORCE MODELING
When a cylindrical leg rowing parallel on water, the interac-
tion between the leg and water surface comprises four parts:
surface tension (Fσ ), hydrostatic pressure (Fb), hydrody-
namic pressure (Fd ) and viscosity resistance (Fv). The forces
can be divided into three mutually perpendicular directions,
as is illustrated in Fig. 3 (a).

FIGURE 3. (a) Forces exerted on the element of flexible driving leg and
(b) Surface tension force model in the horizontal direction.

Force analysis is the base of robot design. Scholars have
carried out a lot of theoretical and experimental research
on the forces acting on the legs of water striders [36]–[39].
Combine our previous work [18], the force in the axial
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direction Fa, composed of dynamic pressure and viscosity
resistance. The force in the vertical direction Fv can be
simplified to the sum of the lifting force corresponding to
a quasi-static state and vertical velocity-induced resistance.
The horizontal force perpendicular to the axis Fh was also
approximately divided into two forces: the component of
surface tension force in the horizontal plane(Fσh) and the
sum of hydrodynamic force and viscosity resistance (Fsh).
The resultant forces in the three in three directions can be
expressed as

Fa =
1
2

∫
S
caρV 2

a dS

Fv =
∫
l
(25.9− 45.3ho)dl +

1
2

∫
S
cvρV 2

v dS

Fh =
∫
l
λσdl +

1
2

∫
S
chρV 2

h dS

(1)

where cv, ca and ch are the resistance coefficients in three
directions. Vv, Va and Vh are the components of rowing veloc-
ity in three directions. ρ is the density of water. ho, l and S
are the depth, length and leg-water contact area, respectively.
λ is a dimensionless coefficient. σ is the coefficient of surface
tension. To facilitate lifting force calculation, the lifting force
exerted on a leg with a diameter of 0.8 mm, including the
surface tension and hydrostatic force, are fitted by a straight
line as a function of depth h, as denoted by the first item of Fv.
The contact angle of the leg are 155◦.
Fig. 3 (b) shows the forces exerted on a driving leg in the

horizontal direction, before penetrating into thewater surface,
the surface tension force per unit length in the horizontal
direction ranges from 0 to 2σ , so the dimensionless coef-
ficient λ ranges from 0 to 2. And it is related to the cross-
sectional size, surface wettability, rowing velocity and depth
of the leg. Before the water surface is pierced, the higher
the rowing velocity and the deeper the stroke depth, and the
larger the value of λ is. Here we suppose that λ has a linear
relationship with the rowing velocity before the leg breaks the
water surface, then λ can be expressed as:

λ =

{
2× Vh/Vmax Vh ≤ Vmax
0 Vh > Vmax

(2)

where Vmax is the critical horizontal rowing velocity before a
leg pierces water surface, depending on its depth h.

To make (2) solvable, referred to our previous work [18],
a simple 2D model was proposed to correlate Vmax with the
rowing velocity and depth, as is illustrated in Fig. 4. Ignoring
the effects of fluid flow in the fluid region A, in a quasi-static
critical state, a thin and long cylinder rows on water surface,
the forces exerted on the water area A approximately fulfills
the following equilibrium equation

1
2
ρlgh2 −

1
2
ρlV 2

maxh = σ1 + σ2 = 2σ (3)

where g is the gravity acceleration, h denotes the distance
between three phase contact line and free water surface, and
it can be expressed as h0+ r in terms of which h0 is the depth

of the center of the cylinder leg, r is the radius of cylinder. ρl
is the density of water. Refer to (3), the first and second term
on the left side are hydrostatic pressure and hydrodynamic
pressure respectively.

Equation (3) illustrates that a cylinder can row at the
air-water interface if the water pressure is less than 2σ .
Otherwise, the surface tension caused by the cylinder and
free water surface can no longer withstand the water pressure,
the water surface will be pierced and the cylinder will be
submerged in the water completely. Then the critical velocity
could be calculated

Vmax =

√
ρlgh2 − 4σ

ρlh
(4)

Fig. 4 illustrates the change of critical rowing velocity of
a driving leg with its depth. It can be seen that the critical
velocity decreases with the increase of depth.

FIGURE 4. Numerically calculated critical rowing velocity for legs with its
depth.

3) DEFORMATION OF DRIVING LEGS
When a flexible driving leg rows on water surface, its defor-
mation is a complex spatial deformation. To simplify the
problem, the deformation is decomposed into the vertical
deformation caused by the hydrostatic pressure and the sur-
face tension, and the horizontal deformation caused by hydro-
dynamic water pressure and surface tension, as is shown
in Fig. 5. In the figure, the broken line OAC denotes a rigid
driving leg rowing in depth h and no deformation occurred.

OO′ is the rotation axis of the driving leg. The curve _AB
denotes the spatial deformation of a flexible driving leg with

a certain angular velocity (ω)._A′B and_AB′ are the projec-

tion of the deformation in the vertical plane yz and the hor-
izontal plane xy respectively. 1lv and 1lh are the maximum
deflection of the vertical and horizontal deformation of the
flexible leg, separately.
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FIGURE 5. Schematic diagram of a driving leg when rowing on water
surface.

a: DEFORMATION IN THE VERTICAL DIRECTION
The deformation of a driving leg in the vertical direction
is mainly caused by surface tension and hydrostatic force.

As shown by the curve_A′B in Fig. 5, the farther away from

the rotation axis of the leg, the bigger the deflection.
The forces exerted on each unit of the leg vary with its

depth. After the first computing of vertical deformation,
the depth of each beam unit of the leg will change, resulting in
the change of the forces. It’s impossible to achieve the stable
deformation in one time. So here the iterative calculation
method is hired to calculate the vertical deformation. The
deflection and deflection angle of each beam unit can be
solved based on Euler-Bernoulli beam theory once the leg
parameters (including the structure and material parameters)
and initial depth (h0) are given. When the new depth of each
beam unit is achieved, the depth difference of each segment in
two adjacent steps is calculated, if all of the depth differences
are less than 0.01mm, the stable deformation is achieved and
the calculation is ended. If not, the calculation continues.

FIGURE 6. Numerically calculated vertical deformation of driving leg in
different depth.

Fig. 6 illustrates the vertical deformation of a thin and
long flexible cylinder leg (made of Acrylonitrile Butadiene
Styrene (ABS) material) in different depth. Its diameter and
length are 0.8 mm and 48 mm respectively, and its elastic
modulus is 2.3 GPa. Since themaximumdepth of a hydropho-
bic coated wire is usually smaller than 4 mm, here the depth
ranges from −0.5 mm to −3.5 mm with an interval of
−0.5 mm. It can be seen that the deformation increases with

the depth of the leg, the maximum deflection is 0.645mm and
1.93 mm when the depth of the leg is −1 mm and −3.5 mm,
respectively.

For a rigid leg (OAC), no deformation occurs, the end tip
(C) and the base tip (A) have the same depth h. When the leg
rows on water surface with an angular velocityω, the velocity
of point A and C can be expressed as:

VA = ωlO′A
VC = ωlO′C ≤ Vh_max (5)

where lO′A denotes the distance of the base tip to the rotation
center of the leg (O′), lO′C is the distance between the end tip
and rotation center. It can be seen that the end tip has a larger
rowing velocity and is easier to exceed the maximum rowing
velocity (Vh_max) in depth h and break the water surface.
For a flexible driving leg with the same parameters and

depth, due to the passive deformation, the rowing velocity of
the end tip (B) can be described as

VB = ωlOB ≤ Vh′_max (6)

where lOB is the straight-line distance between the end tip of
deformed leg (B) and point O. Due to the deformation, lOB is
smaller than lO′C .

lOB < lO′C (7)

The actual depth of the end tip h′ is smaller than a rigid
one (h). According to Fig. 5, Then we got

Vh_max < Vh′_max (8)

According to (5)-(8), we can see that a flexible driving
leg can row on water with a bigger rowing velocity without
penetrating into the water surface.

b: DEFORMATION IN THE HORIZONTAL DIRECTION
For a flexible driving leg, there exists a coupling relationship
between its vertical deformation and horizontal deformation.
It’s difficult to verify the change of the forces, especially the
surface tension, in the two directions. To make the horizon-
tal deformation solvable, in this study, we suppose that the
vertical deformation of the leg remains unchanged when the
driving leg rows on water surface. When computing the sur-
face tension in the horizontal plane by (2) and (4), the critical
rowing velocity of each segment is computed using its local
depth after the vertical deformation.

Fig. 7 (a) shows the schematic diagram of flexible driving
legs rowing on water surface. The swing range of the driving
leg in the horizontal direction is about 73◦, here we define
the angle perpendicular to the forward direction of the body
as 0◦. The brown broken line 1 and 2 are the two extreme
positions of the driving leg, the corresponding angles are
30◦ and −43◦ respectively. The blue dotted line denotes the
horizontal deformation of a flexible driving leg, the green
broken line is a rigid leg at the same swing angle.

For the flexible leg, the horizontal rowing velocity of the
i-th segment (i = 1, the end tip shown in the figure) VFi can
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FIGURE 7. (a) Horizontal deformation of the actuating leg when rowing,
the blue dotted line denotes the horizontal deformation of a flexible
driving leg, the green broken line is a rigid leg at the same swing angle,
and (b) numerically calculated horizontal deformation of a driving leg in
different rowing angular velocity, the depth of the leg is 1mm and the
corresponding vertical deformation is illustrated by the red line in Fig. 6.

be divided into a normal component VFih (vertical to the axis
direction of the i-th segment) and a tangential componentVFia
(the axis direction of the i-th segment).

For the rigid leg, the velocity of the i-th segment VRi
is always vertical to the axis of the leg. By neglecting the
decrease of the leg length due to the deformation, then we got

VFi = VRi = ωLi (9)

where ω is the rowing angular velocity of the driving leg,
Li is the length of connection line of the midpoint of the
i-th segment and the rotation center. For the deformed leg as
shown in Fig. 7 (a), θi1 is the angle between the axial direction
of the i-th segment and the undeformed leg. θi2 is the angle
between the connection line and the undeformed leg. Then
the normal component VFih can be solved:

VFih = VFi × cos(θi1 − θi2) (10)

The deformation of the air-water interface is mainly caused
by the velocity component vertical to the axis direction of
a segment, the axial velocity component plays little effect.
Once the velocity vertical to the axis direction exceeds the
critical rowing velocity, the water surface will be pierced.
Since cos(θi1 − θi2) < 1, VFih is always smaller than VRi.
That means a rigid leg is easier to pierce the water surface

than a flexible one, flexible legs can row on water surface
faster. Based on the Euler-Bernoulli beam theory, the forces
and deformation of each segment can be expressed by (11)
and (12), respectively.

Fi = λliσ + 0.5SρlCsV 2
i · cos(θi1 − θi2)

Fbi =
i−1∑
i=1

Fi

Mbi =

i−1∑
i=1

Mbi + Fi ·
li
2
+ Fbi · li

(11)

wi =
(
5Fil3i /48+Mbil2i /2+ Fbil

3
i /3

)
/E/I

θθi =
(
Fil2i /8+Mbili/+ Fbil2i /2

)
/E/I

(12)

where Fi is the total force exerted on the center of segment i in
the horizontal direction.Cs denotes the resistance coefficient.
Mbi is the balance moment exerted on the end tip of segment
i, li,wi and θθi indicate the length, deflection and deflection
angle of the segment, separately. E and I are the elastic
modulus of the leg material and the moment of inertia of the
cross section, respectively.

When the flexible driving leg rows on water surface at a
certain angular velocity, the horizontal deformation of the
leg will result in the change of the rowing velocity of each
segment, which affects its horizontal forces. Similar to the
calculation method of vertical deformation, the horizontal
deformation of the flexible leg is also solved by the iterative
calculation method, until the position difference of each seg-
ment in two adjacent steps is less than 0.01mm. Fig. 7 (b)
illustrates the horizontal deformation of ABSmaterial driving
legs, the depth of the leg is 1 mm, and its vertical deformation
is illustrated by the red line in Fig. 6. The structure parameters
of the ABS material leg is the same as the previous section.
It can be seen that the horizontal deformation increases with
the rowing velocity.

c: CRITICAL ROWING VELOCITY AND DRIVING
FORCE OF A FLEXIBLE LEG
The previous analysis has given the deformation and forces
calculation methods of a flexible leg. Then the maximum
rowing velocity and driving force of a driving leg with dif-
ferent material, diameter, depth and length et al. can be
numerically solved. The method is: for a leg with a certain
depth, continuously increase the rowing velocity of the leg
with an interval of 0.01 rad/s, and compute its forces and
spatial deformation, then check whether the maximum row-
ing velocity of each segment exceeds the critical value of the
segment in the corresponding depth. If so, the computation
will ended, or the computation continues.

Fig. 8 shows the maximum rowing angular velocities and
maximum driving force of ABS material, copper and ideal
rigid driving legs varying with the depth. The corresponding
elastic modulus of the ABS material, copper are 2.3 GPa and
90 GPa respectively. The structure parameters of the driving
leg are also illustrated.
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FIGURE 8. Maximum rowing speed and force of driving legs in different
depth.

It can be seen that the maximum rowing angular velocity
decreases with the increase of the depth. In the same depth,
the ABS material leg can achieve the biggest rowing angular
velocity, thus a bigger driving force than a rigid leg. The
numerical solution, alongwith the theoretical analysis results,
suggests that flexible driving legs can row on water surface
with a larger velocity due to its horizontal and vertical defor-
mation. It’s worth nothing that, if the stiffness of a driving leg
decreases continuously, the deformation will be too large to
provide sufficient driving force. So there exists an optimum
stiffness for the driving legs. But limited by the materials and
fabrication method, the stiffness of an elongated and flexible
leg can hardly to be changed randomly, here we only analyzed
the flexible legs with an elastic modulus of 2.3GPa.

III. FORCE MODELLING AND ROBOT DESIGN
To design a surface-tension-driven robot, the following prin-
ciples should be met: (1) the robot should be light enough
so that the surface tension dominates the supporting force.
(2) the driving legs row on the air-water interface in the row-
ing stage and then detach form water in the swing back stage
to decrease the resistance force. Fig. 9 (a) shows the sketch
of the miniature surface tension-driven robot. It consists of
a body, ten supporting legs and two actuating legs. Each
actuating leg is fixed on the rocker of a four-link mechanism
driven by a DCmotor through a group of reduction gears. The
two DC motors are connected with a control circuit via four
external wires.

A. DRIVING MECHANISM DESIGN
In order to achieve the ellipse-like spatial trajectory, the drive
mechanism is designed by a combination of a four-link mech-
anism and limit pin mechanism. The four-link mechanism
enables the actuating legs to switch back and forth in the
horizontal plane, meanwhile the limit pin is used to turn over
the driving legs in the two extreme positions and create the
up-down motion, as shown in Fig. 9 (b).

FIGURE 9. (a) CAD model of the miniature water-walking robot,
No.1∼10 are supporting legs, No.11, 12 are driving legs, and (b) the
driving mechanism.

TABLE 1. Parameters of the four-link mechanism.

The two simultaneous motions synergize to generate an
ellipse-like spatial trajectory. For water striders, the swing
range of actuating legs is 73◦, so the dimension parameter
of the four-link mechanism is designed, as shown in Table 1,
the corresponding swing range of the mechanism is 73◦.
When compared with the former cam-link driven proto-
type [18], only driving legs rotates at the two extreme
positions, the height and position of the driving mechanism
maintain unchanged, so the new prototype consumes less
power when the driving legs detach from water surface.

Fig. 10 illustrates the ellipse-like spatial trajectory of the
center of driving leg. It consists of the water entry and exist,
swing back and rowing on water surface, according to the
depth of the leg. When the leg rotate to the two extreme
positions, the limit pin rotates around the axis by the inter-
action force F caused by the limit blocks, resulting in the
water entry and exit of the driving leg. It is worth noting
that when the driving leg rows on water surface, the driving
force caused by water surface is constrained by the left side
of the limit pin and no rotation occurred during the rowing
process.
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FIGURE 10. The ellipse-like spatial trajectory of the actuating leg.

B. SUPPORTING SYSTEM DESIGN
In order to ensure that the designed robot has enough load
capacity, the robot adopts a plurality of elongated support legs
arranged in a radial shape to increases the total length of the
support legs.

The appropriate amount, arrangement and spacing of sup-
porting legs are important for the load capacity and stability
of the robot. If the gap between two adjacent driving legs is
too large, the supporting force decreases while the resistance
increases. If the spacing is too small, the width of the robot
decreases, which may reduce its stability. In our previous
work [40], the supporting force of amultiple slender cylinders
floating on water surface has been analyzed. Refer to the
method, the supporting legs system is carefully designed.
The number of robot support legs is designed to be 10. The
spacing between two adjacent legs is 10 mm. The maximum
depth of the support leg is 3.6 mm, in this case, the supporting
force obtained is about 80 mN, and the weight of the robot
designed is about 50 mN. The load margin is more than 60%,
so that even if the prototype is tilted due towater fluctuation in
the moving process, the robot can still obtain sufficient lifting
force to stay on the water surface.

IV. DYNAMIC ANALYSIS
A. DYNAMIC MODEL
Ignoring the air resistance, the forces exerted on supporting
legs can be equivalent to three forces (Fvk , Fak and Fhk ) in
mutually perpendicular directions acting on the leg center.
The forces are expressed as

Fak =
1
2

∫
Sk
cakρV

2
akdSk

Fvk =
∫
lk
(25.9− 45.3hok )dlk +

1
2

∫
Sk
cvkρV

2
vkdSk

Fhk =
∫
lk
λkσdlk +

1
2

∫
Sk
chkρV

2
hkdSk

(13)

where k is the number of the support legs, which varies from
1 to 10, as is shown in Fig. 9(a).

The forces exerted on a flexible driving leg is a non-
uniform load, and it can be equivalent to three forces (Fak ,Fvk
and Fhk , k = 11, 12) and three torques (Mak , Mvk and Mhk ,
k = 11, 12) acting on the end tip of the rocker, as is shown

in Fig. 9 (a). The forces and torques can be found as

Fak =
N+1∑
i=1

(
1
2
cakρSikV

2
iak )

Fvk =
N+1∑
i=1

(25.9− 45.3hik )lik +
N+1∑
i=1

(
1
2
cvkρSikV

2
ivk )

Fhk =
N+1∑
i=1

[λikσ lik +
1
2
chkρSikV

2
ihk ]

Mak = 0

Mvk =

N+1∑
i=1

[(25.9− 45.3hik )lik +
1
2
cvkρSikV

2
ivk ]dik

Mhk =

N+1∑
i=1

[λikσ lik +
1
2
chkρSikV

2
ihk ]dik

(14)

where i denotes the number of the segment of a flexible leg.
dik is the distance between the center of the i-th segment and
the end tip of the rocker. Then the equation for the robot’s
motion on water surface can be expressed as:

ma =
12∑
k=1

(Fak + Fvk + Fhk )− G

Iα =
12∑
k=1

(
(Fak + Fvk + Fhk )×

⇀
χk

)
+

12∑
k=11

(Mak +Mvk +Mhk)

(15)

where m is the mass of the robot, a and α are the acceleration
and angle acceleration at the center of gravity, respectively.
I is the robot’s moment of inertia, and ⇀

χk is the displacement
vector between the point of force and the gravity center of the
robot.

To clarify the influence of the flexible driving legs on the
performance of the robot, the dynamic properties of the robot
were analyzed by ADAMS. For a flexible driving leg, due
to the nonlinearity of the deformation, the driving forces can
only be solved through numerical method, which is difficult
to be solved in Adams. So the Matlab/Adams co-simulation
method is employed. Matlab software is used to solve the
deformation and forces exerted on each flexible driving leg
according to its rowing velocity, depth and position. Then the
numerically solved forces and torques are imported to Adams
to simulate the kinetics behavior.

B. SIMULATION OF THE ROBOT AT THE CRITICAL
ROWING FREQUENCY
When the robot statically stands on the water surface,
the depth of driving legs is about 1mm. According to Fig. 8,
the critical rowing angular velocities of ABS material and
copper driving legs are 17.25 rad/s and 9.03 rad/s. Taking into
account the characteristics of the crank linkage mechanism,
the maximum rowing frequency of the robot are 2.57 Hz and
1.35 Hz respectively. Fig. 11 shows the simulation results of
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FIGURE 11. Simulation results of the robot with ABS material and copper
driving legs (rows 5 cycles at the maximum rowing frequency).

FIGURE 12. Photo of the final fabricated miniature water-walking robot
prototype.

the robot rowing 5 cycles at the maximum rowing frequency.
The average forward speed of the robot with ABS material
and copper leg is 172.5mm/s and 107.6mm/s. The figure also
illustrates the forces exerted on the driving legs. It can be
seen that ABSmaterial leg can achieve a bigger driving forces
before penetrating the water surface.

V. EXPERIMENTS AND DISCUSSION
The new surface tension-driven robot was fabricated as shown
in Fig. 12. The robot weighs 4.9 g and its total length, width
and height are 160mm, 195mm and 16mm respectively. The
main frame and parts of the reduction gears were fabricated
by 3D printing techniques to reduce the robot’s weight. The
rotating shafts and the limiting rods are made of carbon
fiber rods. The supporting legs are made of superhydrophobic
copper tubes with a diameter of 0.5 mm. By controlling
the motions of the two actuating legs, the robot can move
on a water surface in different modes. PWM method, an
approach for input voltage regulation by changing duty cycle,
was applied to achieve the rowing frequency control of the
actuating legs. The flexible and rigid driving legs are made of
ABS material and copper material with a diameter of 0.8mm,

the detailed structure parameters of the leg is illustrated
in Fig. 12. The flexible legs are also fabricated by 3D printing
techniques. The elastic modulus of the legs is 2.3 GPa.

The skating experiments include linear motion experiment
and turning motion experiment. For the linear motion exper-
iment, the two driving legs row synchronously and drive the
robot moving linearly. For the turning motion experiment,
the left driving leg rows with different frequencies while the
right driving leg is fixed at the midpoint A of the rowing tra-
jectory in Fig. 10. The average forward and turning velocities
are calculated. The rowing experiments were carried out with
ABS and copper driving legs, and the structure parameters of
the legs are the same as the analysis in Fig. 8.

A. FORWARD MOTION EXPERIMENTS
Fig. 13 shows the linear motion of the ABS material driving
leg at a frequency of 1.5 Hz. As can be seen from the figure,
the flexible driving leg is deformed in conformity with the
water surface during the rowing stage, and the driving legs
detach from the water surface during the swing back stage.

FIGURE 13. Snapshots of the forward motion experiment.

FIGURE 14. Experimental and simulation results of forward motion.

The forward motion experiment results are shown in
Fig. 14. The maximum rowing frequency of copper legs
and ABS material legs were measured to be 1.55 Hz and
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2.10 Hz, the corresponding forward speeds were 103 mm/s
and 139 mm/s respectively. The maximum rowing frequency
of the ABS material driving legs and maximum moving
speed of the robot are about 35.5% and 34.9% higher than
those of the robot with copper legs. The rowing frequency
exerts a positive effect on the velocity of the robot before
the driving legs penetrate water surface. Once the rowing
frequency exceeds the maximum rowing frequency, the water
surface will be pierced by the driving legs, the forward speed
of the robot decreases. This is because that the surface tension
drops rapidly in the rowing process while the drag force
when the driving legs detaches from water surface increases.
Since the maximum rowing frequency of the driving legs
and the skating velocity of the robot are the two key indexes
we concerned, the skating experiments with higher rowing
velocities are not conducted.

Fig. 14 also shows the simulation results of the robot
at different rowing frequencies. Before penetrating into the
water surface, the maximum forward speed of the robot with
copper legs and ABS material legs are 107.6 mm/s and
172.5 mm/s, respectively. The simulation results show the
same trend when compared with the experimental results.
As described above, once the rowing frequency exceed the
numerically calculated maximum value, the water surface
will be pierced and the leg will be submerged into the water.
So in the simulation, the surface tension is excluded from the
propulsion force.

FIGURE 15. Experimental and simulation results of turning motion.

B. TURNING MOTION EXPERIMENTS
Fig. 15 shows the turningmotion experimental and simulation
results of ABS material driving legs, from which it can be
seen that the rowing frequency exerts a positive effect on
the velocity of the robot. Similar to the forward motion,
once the frequency exceeds the maximum rowing frequency,
the turning speed of the robot decreases. The maximum row-
ing frequency of Copper and ABS material was measured to
be 1.69 Hz and 2.06 Hz, the corresponding turning speed was
19.2 ◦/s and 24.8 ◦/s respectively.

For ABS material legs, the numerical maximum rowing
frequency is 2.57 Hz, which is bigger than the experimental
results. While the simulated maximum rowing frequency of
copper legs is 1.35 Hz, which is a little smaller than the
experimental results. The possible reasons are as follows:
(1) the deformation model and critical rowing velocity model
of flexible legs are inaccurate. The spatial deformation of
a flexible driving leg rowing on water surface is compli-
cated, to make the problem solvable, the deformation is
divided into a horizontal and vertical deformation. The max-
imum rowing velocity is based on a quasi-static force model.
(2) When calculating the numerical maximum rowing fre-
quency, the absolute velocity is adopted, for the actual driving
legs on a robot skating on water surface, rowing velocity of
driving legs may be partially offset by the forward or turning
speed of the robot, so that the robot can row with a higher
frequency.

Whether the forwardmotion or the turningmotion, the sim-
ulation results are a little bigger than the experimental results.
The error may be caused by two main factors: (1) The
force models of the driving legs and supporting legs are
not accurate enough. (2) The external wires cause some
resistance. The results also show that for the same rowing
frequency, the robot equipped with copper driving legs runs
faster than the one with ABS material legs, which means that
driving forces of rigid legs are bigger than flexible legs. So we
can got the following conclusion: the advantage of flexible
driving legs is to increase the average rowing velocity of the
legs, thus generate a larger driving force. Its driving force at
the same rowing speed is smaller than a more rigid leg.

C. COMPARISON TO WATER STRIDERS
The hydrodynamic dimensionless parameters are adopted to
describe similarity of locomotion between the robot and a
water strider (∼0.01 g). Table 2 lists geometric, dynamic
and dimensionless parameters. BondNumber (Bo= ρgL2/σ )
denote a ratio of the hydrostatic pressure to surface ten-
sion [21]. The smaller the parameter, the more dominant role
the surface tension plays.

TABLE 2. Geometric, dynamic and dimensionless parameters.

L and U denote the characteristic length and velocity,
respectively. For this robot, L equals the cross-section diam-
eter of the actuating leg, and U is the midpoint velocity of
the actuating leg’s rowing segment. Compared the prototype
with rigid and flexible driving legs, the Bond Number is
calculated to about 0.087, it indicates that surface tension
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force dominates the lifting force and plays a major role in
supporting the robot on water. Moreover, the characteristic
velocity of the robot with flexible legs is closer to a water
strider.

VI. CONCLUSION
In this study, flexible driving mechanism of water striders is
studied. The force model and deformation model of the driv-
ing legs were established base on Bernoulli’s beam theory.
The influence of flexural rigidity and depth of a driving leg
on the deformation and rowing speed is researched carefully.
The theoretical results show that compared with rigid legs,
flexible driving legs can row on water surface with a larger
rowing velocity before penetrating the water surface. Then a
new water strider robot that can walk on water surface was
designed. The dynamic behavior of the robot is analyzed and
then simulated by ADAMS software. The fabricated robot
weighs 4.9 g and is supported by ten hydrophobic copper
tubes. The driving legs are made of materials with different
stiffness by 3D printing technology. Then a set of experiments
and simulations were carried out to investigate the effect of
rowing frequency and stiffness of the driving legs on the
locomotion performance. The maximum forward and turn-
ing speeds of the robot with flexible driving legs can reach
139 mm/s and 24.8◦/s respectively. The rowing frequency
of the driving legs and the moving speed is more than 30%
higher than the robot with rigid driving legs. Both experi-
ments and simulations demonstrate that the rowing frequency
of the driving legs and the moving speed are higher than
the robot with rigid driving legs. Furthermore, a similarity
analysis of hydrodynamic characteristic constants reveals that
the characteristic velocity of the robot with flexible legs is
closer to a water strider.

This paper has proved the effect of leg flexibility
on improving the locomotion performance of the robot.
As shown by the theoretical analysis and common sense,
there exists an optimum stiffness for the driving legs. But lim-
ited by materials and fabrication method, the stiffness of the
driving legs is difficult to be changed randomly. In this paper,
we only studied the ABS material driving legs with elastic
modulus of 2.3Gpa. In subsequent research, we will continue
to optimize the mobility of the robot through exploring the
optimum stiffness of flexible driving legs.
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