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Abstract

Water striders (Gerris argentatus) move across the water surface by taking advan-
tage of the surface tension, which supports their bodyweight without breaking. Dur-
ing locomotion, the midlegs are primarily responsible for generating thrust,
whereas the other legs support the body. Although the aspects of standing and
locomotion on the water surface are well understood, relatively fewer studies con-
cerned the coordinated biomechanical movements of the legs. In order to maintain
buoyancy of the body on the water surface, the leg positions must be adjusted to
distribute the bodyweight appropriately. The present study investigates distribution
of the bodyweight on the legs in relatively small water striders. We aimed to
understand how loading on the legs changes during sculling that leads to sliding of
the body on the water surface. The assistance of all legs at every moment enables
the body to maintain its floating during standing and striding. Water striders can
achieve a gentle striding through the midlegs driving phase in association with
smooth load shifting among their legs, which are positioned in a specific configura-
tion to support the insect on the water surface.

Introduction

Water striders (Gerris argentatus) inhabit a wide variety of envi-
ronments, including the surface of calm and turbulent waters
(Andersen, 1982). The cohesive property of water molecules
allows the water surface to resist the weight of water striders
(Denny, 2004; Vinnichenko et al., 2018). Their bodyweight is
supported by the legs, which possess a high level of hydropho-
bicity (Bush et al., 2007; Caponigro & Eriksen, 1976; Feng
et al., 2007; Gao & Jiang, 2004; Hu & Bush, 2010). Water
striders perform locomotion to escape or explore their environ-
ment in search of nutrients and mates (Krupa & Sih, 1993;
Ortega-Jimenez et al., 2017; Waldbauer, 2006). Their move-
ments on water are adapted to several locomotion modes. In
addition to jumping, in which the body moves nearly vertically,
water striders stride slowly by sculling while their legs remain
in contact with water and traverse rapidly by leaping above the
surface (Andersen, 1976; Baek et al., 2020; Caponigro & Erik-
sen, 1976; Hu & Bush, 2010; Kim et al., 2017; Koh
et al., 2015; Ortega-Jimenez et al., 2017). Striding, as the type
of locomotion that we have focused on it in this study, involves
extensive changes in the body posture and load spreading on the
legs (Bush & Hu, 2006; Lu et al., 2018). With their locomotion
adaptation, they can reach a high velocity with minimum energy

expenditure (Rinoshika, 2012). Water striders can, therefore, be
used as a model to study the biomechanical aspects of sculling
in insects.
Water striders exhibit a variety of body postures that can be

classified as static and dynamic states.
Previous studies showed that water striders can adjust their

legs effectively in order to stand on the water surface and
carry out locomotion activities efficiently (Baek et al., 2020;
Yang et al., 2016). A comprehensive understanding of the role
that the legs play in supporting the body in various postures,
particularly in the dynamic state, requires assessing the load
distribution pattern and considering leg alignment changes.
At the standstill position, each leg pushes water down so

that the surface is indented, and a dimple appears. The topog-
raphy of the deformed water can be assessed accurately by
using the Schlieren method, which demonstrates a linear rela-
tionship between loading magnitude and the dimensions of the
dimple (Moisy et al., 2009; Steinmann et al., 2018). In this
context, the weight of the displaced fluid is equal to the load
exerted on the air–water interface, which can be used as a
basis for estimating the mass of water-walking insects (Hu &
Bush, 2010; Keller, 1998; Steinmann et al., 2018).
The distorted water surface can be detected by a black spot

with a bright perimeter on the bottom of the bodywater that is
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created due to the refraction of light passing through the fluid
(Kiehn, 2007). Shadows with similar pattern can be observed on
the bottom of ponds or aquariums after the legs of water-
walking insects deform the water surface caused by the legs of
water-walking insects (Andersen, 1976). Using this phenome-
non, Zheng et al. (2016) devised a convenient method for empir-
ically measuring the normal forces on the legs. The researchers
found that the topography of the dimples can be significantly
reflected in the size of shadows (Yin et al., 2016). There is also
a significant linear relationship between the total shadow area
and the total load on the legs (Zheng et al., 2016). It provides a
method to estimate the vertical forces acting on the legs for tiny
water-walking animals with the least possible error (Ma
et al., 2020). Further, it can be utilized to precisely determine
the vertical pressures during motion along with changes in the
movement of the legs (Lu et al., 2018). In previous studies,
however, the measurements had been restricted to actual data for
a group of medium-size water striders. To assess the efficiency
of bodyweight distribution in gerridaes, it is necessary to com-
pare this characteristic across a wide range of species.
Over decades, researchers have provided extensive details

regarding sculling, but the biomechanics underlying the kine-
matics of legs has not been fully understood in terms of load-
bearing by the legs. Here, we visualized a pattern of load
exerted on the legs of water striders at the standstill posture.
Furthermore, we have described the functional role of each
leg, as well as determined the leg movements with alternations
of load value at various positions in the context of striding
behavior that is characterized by a variety of features among
water striders. This study predicts that the procedure for redis-
tribution of load on the legs is a key factor that influences
floating of the body and efficiency of locomotion on the elastic
film of surface tension.
This project may assist in understanding the constraints in

engineering water-walking machines with realistic size and
shape.

Material and methods

Animals

Water striders, Gerris argentatus, were collected from a pond
located in the Botanical Garden of Kiel University. Each
experiment was carried out on more than 5 individuals (one
movement/stride per individual). All procedures in this study
are conducted in accordance with the ethical guidelines of Kiel
University, Germany.
The total shadow area for 17 individuals with a body mass

between 4 and 11 mg was measured (Fig. 2a). Upon placing
the steel sinkers in the middle of dorsal side of the thorax, the
body mass of two individuals was increased from 9.2 and
9.4 mg to 16.4 and 20.3 mg, respectively (Table 1, Fig. S1).
The shadow area measurements were converted into percent-
ages to facilitate easy implementation of the protocol. This
simplified procedure enables us to compare weight-spreading
patterns at different body postures in mature and immature
water striders from diverse specimens with substantial variabil-
ity in weight and size.

Experimental setup

Individuals were tested in a 3D printed cubic vessel with the
dimensions of 10 9 5 9 5 cm (L 9 W 9 H), at room tem-
perature (25°C; Fig. 1a). A thin glass was added at the bottom.
For an accurate vision, a glass (3 mm thickness) was silanized
by using a protocol for silanizing glassware (Seed, 1998), and
it was added to the front of the vessel, to minimize the menis-
cus effect. A light source (Storz Techno Light 270 Cold Light
Projector) was used above (70 cm) the vessel. The aquarium
bottom was coated with a 125-micron laminating pouch
(GBC), which allowed the shadows to be seen from below.
The vessel was filled with distilled water of approximately
5 mm in height. The shallow depth of the water enabled us to
detect contact areas between the legs and water. It also reduced
the influence of the interfering waves during locomotion
(Moisy et al., 2009; Steinmann et al., 2018). A mirror was
placed below the screen at a 45-degree angle to capture the
shadow images (1280 9 1024 pixels) by using a high-speed
camera with 2000fps (Olympus I-Speed 3 Series High-Speed
Cameras). The camera was placed 20 cm from the mirror.
Before every record, water striders were weighed separately
(AG204 Delta Range Analytical Balance).

Analyses procedure

The footages were analyzed by using the image analysis pro-
gram ImageJ, to measure the shadow areas (Schneider
et al., 2012). Each shadow area was treated as a measure of
load on the leg from which that shadow originated. By con-
verting the measurements into percentages, the per cent distri-
bution of the total was calculated. The percentage of load on
each leg was evaluated and expressed as a fraction of the body
mass. The linear regression analysis was used to measure the

Table 1 The relationship between the weight of individuals and the

total size of shadows caused by the distortion of the water surface

No. Body mass (mg) Shadow area (mm2)

1 4.7 4.1

2 4.0 3.9

3 5.0 4.7

4 7.9 7.5

5 10.0 6.2

6 8.3 8.6

7 5.2 4.1

8 9.4 6.6

9 6.5 5.9

10 11.2 7.3

11 9.2 6.4

12 10.8 7.6

13 10.2 6.4

14 4.4 4.6

15 8.7 6.0

16 16.4* 10.9

17 20.3* 14.5

(*) individuals with extra weights on the dorsal side of the thorax.
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correlation between the total shadow area and mass (Fig. 2a).
By using the Manual-Tracking plug-in in ImageJ, displacement
of the body center and legs was measured by tracking the
shadows. The statistical analysis was conducted utilizing Sig-
maPlot 12.0 (Systat Software Inc., San Jos�e, CA, USA). Two
sets of data were compared by using the t-test.

Glossary

Striding is a form of locomotion of water striders on the water
surface by means of midleg (scull-legs), while sliding on the
forelegs and hindlegs (ski-legs; Fig. 4a–d). Sculling is the tech-
nique for starting horizontal momentum by simultaneous using
the midlegs to generate the sculling stroke, during the driving
phase (when the midlegs travel backward from the catch posi-
tion to the finish position and exert propulsion force on the
water). Catch position represents the initial place of the contact
part of the scull-legs when they are extended onto the water
toward the anterior part of the body. Finish position is when
the tip of each midleg moves backward, and it is raised to
swing through the air after the sculling stroke has been com-
pleted. The recovery phase starts with swing of the midlegs
from the finish position to the recovery position while the
body continues sliding. Recovery position refers to the place at
which the tips of the midlegs are repositioned on water follow-
ing a sculling stroke. Passive sliding is the motion in which
the body slides passively without movement of the midlegs in
order to generate the sculling stroke. Stop phase refers to the

finishing of passive sliding while the body returns to the stand-
still posture.

Symbols used

The pairs of forelegs, midlegs, and hindlegs are indicated by
FL, ML, and HL, respectively (Fig. 1c). The shadows are
shown by LF, LM, and LH for the left legs and RF, RM, and
RH for the right legs (Pearson & Franklin, 1984).

Results

Posture assessment and weight distribution

General posture of water striders is 6-legged stance with sym-
metrical sprawling of leg pairs. The midlegs and hindlegs are
adjusted with angles of about a = 56 � 2 and b = 54 � 2
degrees between their femur and the body centerline, respec-
tively. Angle of the tarsus-tibia part of the hindleg with respect
to the body centerline is equal to k = 13 � 1 degrees. The
head is elevated above the horizontal line with an angle of
about c = 15 � 2 degrees (Fig. 1b).
Insect legs are composed of the coxa, trochanter, femur,

tibia, and tarsus segments (Richards & Davies, 1977). Asses-
sing various postures, we considered the tarsus, terminal of tar-
sus, and tarsus-tibia as load-bearing parts on the forelegs,
midlegs, and hindlegs, respectively (Fig. 1b). The hindleg
tarsus-tibia is approximately 6 times longer than the foreleg

Fig. 1 Body posture of Gerris argentatus on the water surface. (a) Experimental setup. (b) The water strider body with the top, side, front, and

behind views with some details of the right legs. From the top view, a and b show the angles between the femur of midlegs and hindlegs

relative to the body centerline, respectively. k indicates the angle between the tarsus-tibia section of hindleg relative to the body centerline,

respectively. c shows the body angle relative to the horizontal line from the side view. The schematic images of a foreleg, midleg, and hindleg

(insets) from the side view. RM inset shows the midleg between two positions: when the terminal portion (top) or the whole of tarsus (bottom)

is in contact with the water surface, the two-way arrow shows the transition between two positions. The arrowheads indicate the joint between

two portions of the midleg tarsus. Fe, femur; Ti, tibia; Ta, tarsus. (c) Shadows below the legs. LF, LM, and LH represent the left legs, and RF,

RM, and RH represent the right legs. The dark gray spots and dashed lines indicate the mid-points of shadows and their distance from the body

centerline shown by the gray dashed-dotted line. The symbol indicates the body center. Scale bar: 5 mm.
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tarsus. Also, our observations indicated that the entire midleg
tarsus is frequently used to support the bodyweight.
The dark spots on the aquarium bottom in which water

striders were tested show a variety of shapes including circular
spots for the forelegs, whereas those for the midlegs and hind-
legs were elongated with small spot at the tip related to the
claws (Fig. 1c). A significant linear relationship was found
between the total shadow area and the body mass (Body
mass = 1.5197 9 shadow area � 1.3259, R2 = 0.892, p
< 0.05; Fig. 2a). Accordingly, our linear regression analysis
suggested a procedure to predict load changes in a reliable
way. This equation was later used to estimate loads in Newton

units for a given shadow area (Fig. 6a). Load percentages car-
ried on legs were LF = 19 � 2.9%, LM = 9.4 � 1.7%,
LH = 21.3 � 1.9%, RF = 19 � 2.6%, RM = 9.8 � 2.1%, and
RH = 21.6 � 1.9% of the total weight. There was no statisti-
cally significant difference between loads on the legs of each
pair (t-test, P < 0.05; Fig. 2b left). Therefore, we have deter-
mined that the proportional weight distribution on the legs at
standstill posture is as follows: LF � RF � 19%, LM � RM
� 10%, LH � RH � 21% of the total (Fig. 2b right).

Weight distribution changes when forelegs
are off water

In some cases, water striders switch their stance from 6-legged to 4-
legged posture by raising the forelegs, that is, without change in the
adjustment of other legs (Fig. 3a–c, Video S1). In 4-legged stance,
loads on the legs were LM = 25.3 � 3.7%, RM = 26.7 � 1.7%,
LH = 24.3 � 2.6%, and RH = 23.7 � 1.9%. Thus, loads carried
by the leg pairs were ML � 52% and HL � 48% of the total
(Fig. 3d, e). Considering that the duration of switching from 6-
legged to 4-legged posture differed depending upon the individ-
ual, we extracted 10 frames from every performance. We also
measured the change in load on each pair, which is ascending
for both midlegs and hindlegs (Fig. 3e). Load shifting occurred
nonstationary from FL to ML and HL in an order of 86% and
14%, respectively (Fig. 3e, insets). Load shifting happens at a
higher value in the beginning and then gradually continues until
the forelegs detach from water.
Comparison of the total load on the legs between 6-legged

and 4-legged stances showed no significant difference, further
demonstrating the validity of the method employed here
(Fig. S2).

Stride performance

The stride cycle was assessed while individuals exhibit
straightforward locomotion with symmetric sculling, i.e., when
difference of a on two sides was ≤10° during the correspond-
ing midlegs kinematics (Fig. 4a, c; Video S2). Otherwise,
asymmetrical widening of the midlegs leads to progressive
deviation from the straight trajectory of locomotion. Each
scull-leg tip travels on water through an arc, then swings to
the recovery position that follows an S-shaped trajectory
(Fig. 4b). This mechanism is different from the oar blade
movement through water during the driving of sculling boats
(Caplan et al., 2010; Coker, 2010; Feigean et al., 2017). Tra-
jectories of the ski-legs look like straight lines; however, the
forelegs frequently display adduction and abduction to the
body axis (Fig. 4a, b). Furthermore, there was an increase in
the distance between the mid-point of foreleg shadows to the
body center during sculling and early of passive sliding.
The body shows a short-term upward movement during the

driving phase that is synchronized with flexion of the forelegs
at the coxa–femur and femur–tibia joints (Fig. 4a). The fore-
legs show a quick angular movement at the coxa–femur joints
during the body downward movement, although the femur–
tibia joints remained flexed position for a longer time.

Fig. 2 Load distribution on the legs of Gerris argentatus at the 6-

legged stand position. (a) The relationship between the body mass

(mg) and the total shadow area (mm2), each circle represents the

data from an individual. Two individuals with extra weight on the dor-

sal side of the thorax are shown by triangles. The regression line:

Y = 1.5197 X � 1.3259, R2 = 0.892, P < 0.05. (b) The load distribu-

tion on each single leg (left) and the average load on a single leg of

each leg pair (right). In the structure of each boxplot, the 9 mark indi-

cates the mean, and the horizontal line is the median, the upper and

lower box edges are the upper quartile and lower quartile, respec-

tively, the whiskers show higher and lower values, and the outside

circles are outliers. “NS” indicates no significant differences

(P < 0.05; t-test). Shadows below the forelegs, midlegs, and hindlegs

are labeled as LF, LM, and LH on the left side and RF, RM, and RH

on the right side, respectively. N = 17 individuals, each tested once.
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As locomotion begins, the legs undergo angle changes with
respect to the body axis (Fig. 4c). The midlegs drive over an
angle of �66 � 3 degrees with the highest angular velocity of
�19 rad/s. We measured the body velocity and the traveling
distance as well as the body momentum with velocity and
acceleration of the midlegs for five individuals (Fig. 4e–g).
Also, the averages of velocities and accelerations of the mid-
legs were measured for each individual (Fig. 4f). In correlation
with increasing velocity of the midlegs, the body velocity rap-
idly increased during the driving phase to the highest point,
then gradually decreased toward zero during the recovery
phase (Fig. 4e, f). Maximum velocities, sculling durations,
traveling distances, and stride durations were in the range of
0.16–0.24 mm/ms, 75–90 ms, 33–44 mm, and 705–735 ms,
respectively (Table 2).
During early sculling, the tarsus-tibia parts of the hindlegs,

in combination with the slight flexion of the hindlegs at the
coxa–femur joints, rotate inward in relation to the femur to
form the parallel skiing position respect to the centerline. Ski
position of the hindlegs remains fixed until the end of swing
stage, afterward all the legs gradually return to the starting
position by the end of locomotion (Fig. 4a, b). In the parallel
position, the mid-point of the hindleg shadows of two sides
are closer to each other and to the body center than the stand-
ing posture. During the release stage, the midlegs move back-
ward and upward with a slight bending inward along the tips
detached from water (Fig. 4a). During recovery phase, the

midlegs swing through the air over an angle of
h � 78 � 2 degrees. The midlegs gently spread apart after
lying down on water; likewise, the body adjustment continues
with re-angulation of all the leg joints akin to the starting pos-
ture (Fig. 4a–d).

Loading and unloading of legs during
sculling

During a specified period (285 ms), loads on the legs were
measured and plotted for each leg (Fig. 5a, Video S3). Load
changes on the legs occurred instantly when starting sculling.
Despite some variations between individuals, the mean curves
of the legs of each pair show synchronicity (Fig. 5a). While
the load on the midlegs reached a peak, those on the forelegs
and hindlegs dropped below the baselines, although all graphs
remained above zero. Load on the forelegs increased dramati-
cally during the swing stage, while it changed on the hindlegs
to a small hump. During recovery phase, load on each foreleg
decreased toward the baseline, whereas the graphs of the hind-
legs remained with a low range of changes. However, the
ascending trends of the forelegs and hindlegs graphs show
fluctuations with small up-down changes (Fig. 5b). Load on
the midlegs increased as soon as their tips lay down on water
(Fig. 5a).
By using the regression analysis equation, load changes

were calculated in total and on the scull-legs for individuals

Fig. 3 Switching of the body position from 6-legged to 4-legged stance. (a and b) In both postures, φ is the angle between the midleg femurs.

There is no significant differences for φ between two postures (P < 0.05; t-test). (a) The shadow of body at 6-legged stance position. (b) The

shadow of body at 4-legged stance position. (c) The side view, arrowhead indicates the raised forelegs. (d) Load changes on the leg pairs after

the switch from 6-legged to 4-legged stance (shown by gray columns in the background). In the structure of each boxplot, the 9 mark indicates

the mean, and the horizontal line is the median, the upper and lower box edges are the upper quartile and lower quartile, respectively, the whis-

kers show higher and lower values. (e) Changes of the load on the leg pairs during raising the foreleg pair. The insets show the instant load gain-

ing rate on the midleg and hindleg pairs. FL, ML, and HL represent the pair of forelegs, midlegs, and hindlegs, respectively. N = 10 individuals,

each tested once. Scale bar: 5 mm.
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Fig. 4 Leg kinematics during striding. (a–d) The circle, square, and triangle indicate three key positions of midlegs at the catch, finish, and

recovery positions, respectively. (a) Sequences of a striding cycle in the side view and from the bottom. Vertical dashed line separates the

driving phase (left) and the recovery phase (right). Surrounded areas by black dashed lines indicate the base of support for each body posture

(areas are minimized), the black dots indicate the body center. White triangles indicate the fraction of each area that is affected by movement of

the forelegs. The arrows indicate upward and downward movements of the body. Horizontal dashed line is the indicator to detect the upward

and downward movement of the body. φ₁ and φ₂ are the angles between the midleg femurs at the recovery position and after stopping, φ₂ ≥ φ₁.
(b–g) The gray boxes in the background indicate the driving phase. (b) A schematic diagram shows the motion traces of the body center, foreleg

tarsi (gray circles), midleg tips (gray plain shapes and black lines/dashed lines), tarsus-tibia parts of the hindleg (dark gray plain shapes) during

striding. The dashed curve black lines indicate swing trajectories of the midleg tips. (c) Changes in angles between the femur of midlegs a, the

femur of hindlegs b, and the tarsus-tibia part of hindleg k with respect to the body centerline, L and R indicate lift and right sides, respectively.

(d) The midleg movement during the driving phase is depicted by a gradient of darkness, the dashed arrows show the direction of leg move-

ment. h and the dashed curve arrow represent the swing angle and the direction of midleg movement from the finish position to the recovery

position. The dotted curve arrows behind the hindleg represent the movement direction of the contact area during striding. (e) The body velocity

versus time. The inset indicates the total traveled distances. (f) The velocity (left) and acceleration (right) of midlegs that are indicated by ML

Vec. and ML Acc., respectively. (g) The body momentum versus time. N = 5 individuals, each tested once.
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with a body mass between 5.7 and 11.0 mg (on average
8.5 mg; Table 3). The mean total load showed a sudden
increase during the driving phase and then gradually declined
during the recovery phase (Fig. 6a). Difference between the
total load in motion and that in the static state was termed
dynamic load, which represents the additional loads generated

by the insects (Fig. 6a, b). Based on the average graphs, the
maximum dynamic load and the load difference on the scull-
legs were about ~35 and ~ 41 lN, respectively.

Discussion

The leg adjustment of water striders at the
standstill posture

Weight spreading of a living body correlates with the spatio-
temporal configuration of load-bearing parts such as the legs
(Isakov et al., 1992; Laufer et al., 2000). There appears to be
a correlation between the leg morphology of water striders and
their floating ability and motion (Crumiere et al., 2016; Liu
et al., 2007; Zhao et al., 2022). The long legs facilitate weight
spreading that allows them to stand on water (Goodwyn
et al., 2008; Hu et al., 2003). In addition to proportional
adjustment, the flexibility of the legs is critical to improving
float ability (Ji et al., 2012; Koh et al., 2015; Wei et al., 2009;

Table 2 Velocity, traveling distance, and duration of rowing

measurements

No.

Body

mass (mg)

Velocity

(mm/ms)

Traveled

distance

(mm)

Duration of

sculling

stroke (ms)

Duration of

striding (ms)

1 9.4 0.20 33.1 75 735

2 9.6 0.24 43.9 75 705

3 10.3 0.21 41.3 90 705

4 11.0 0.20 37.2 90 705

5 8.9 0.16 35.9 75 720

Fig. 5 Kinetics of sculling. (a and b) The gray boxes in the background indicate the driving phase. (a) The gray lines indicate the patterns of load

distribution on the legs of individuals, and the black lines represent the averages. The discrete points represent the time of frames, extracted

from the high-speed recorded footages. Empty squares indicate the finish position. Horizontal dashed lines are the baseline of load average on

the legs during the starting position. The downward brackets indicate the average swing duration, and the upward brackets indicate the times at

which the midlegs were reattached to the water surface. The vertical dashed-dotted lines indicate when maximum loads are exerted on the mid-

legs. (b) Differences of load changes on the foreleg and hindleg pairs. The black lines are regression lines for the descending load changes on

the leg pairs. Shadows below the forelegs, midlegs, and hindlegs are labeled as LF, LM, and LH on the left side and RF, RM and RH on the right

side, respectively. FL and HL represent the pair of forelegs, midlegs, and hindlegs respectively. N = 10 individuals, each tested once.
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Zheng et al., 2009). In semi-aquatic insects, the flexibility of
the legs enables them to conform to the water surface for
effective body support (Kong et al., 2015). Morphological dif-
ferences in part of the legs that interact with the water surface
result in a variety of shadow sizes and shapes, but their combi-
nation is sufficient for the bodyweight bearing (Zheng
et al., 2016). It is expected that a balanced floating body will
result from a proportional load distribution on the legs. The
bodyweight is predominantly distributed on the hindlegs and
forelegs (Fig. 2b). However, in contrast to the hindlegs, the
forelegs have a shorter length of contact area with the water
surface. It shows that a higher value of load can be supported
by each unit of the foreleg than the midlegs or hindleg, sug-
gesting that maybe the forelegs can support higher load or, that
for some reason, water striders put more load on them. If the
former is the case, then it hypothetically suggests that the

structure, density, and arrangement of hairs on the forelegs
may provide a high capacity to support loads.
The values of angles describing the leg positions (Fig. 1b,

upper left) combined with quantification of load supported on
the legs (Fig. 2b) can contribute to understanding of the body-
weight distribution during 6-legged stance posture of water
striders. Although the size of studied water striders is consider-
ably different, there is a high similarity in the load distribution
pattern on the legs based on percentage between our research
and the former study by Lu et al. (2018). Based on these
results, there may be an optimal load distribution for water
striders; however, this can be more accurately determined by
assessment of water striders with different sizes.
Water striders begin sculling from a particular initial leg

adjustment and return to it at the end of locomotion (Lu
et al., 2018; Fig. 1b). Regardless of their movement (sculling,
raising the legs, grooming, etc.), the body postures always
return to the pattern outlined earlier that we consider it as the
starting posture. It differs from rest posture when they attach
themselves to floating objects and walls (Keiser, 2016;
Fig. S3).

Changes in load distribution between 6- and
4-legged stance

Water striders raise their legs to groom, apply hydrophobic
substances to the skin, or grab foods (Mahadik et al., 2020;
Staddon, 1972; Zheng et al., 2016). Despite the absence of
support on one or two legs, the floating body remains stable
due to redistribution of the bodyweight. However, we never
observed water striders raising more than two legs at the same
time.

Table 3 Maximum of dynamic load and load on the midlegs

measurements

No.

Body mass

(mg)

Max. dynamic

load (lN)

Max. load differences

on the midlegs (lN)

1 9.8 35 49

2 10.5 37 55

3 10.3 43 52

4 11 46 58

5 8.9 36 37

6 7.5 32 34

7 7.3 42 51

8 6.7 45 59

9 6.9 27 36

10 5.7 25 31

Fig. 6 Load components on the legs at the dynamic state. (a and b) The gray boxes in the background indicate the driving phase. (a) The black

line is the average value of total load, and the gray lines represent data obtained from each individual. The dashed line indicates the average total

load at the starting posture. (b) Differences in load changes on the scull-legs (midlegs), the ski-legs (both forelegs and hindlegs) and dynamic load

shown by the gray, faint gray and black lines, respectively. The gap in the line of scull-legs indicates the duration of swing. Vertical dashed line

indicates the approximate time of upward movement of the body. (c) Forces acting on the body of water striders during standing (Top) and strid-

ing (Bottom). N = 10 individuals, each tested once.
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The usual behavior of water striders is to switch from 6-
legged to 4-legged stance by raising both the forelegs simulta-
neously (Fig. 3a–c). Gradual load shifting from the forelegs
may assist with conformity of the legs with the water surface,
as well as body alignment to the new posture (Fig. 3e, insets).
The midlegs, for instance, can support a substantial percentage
of bodyweight by utilizing the entire tarsus (Fig. 1b). But it is
only the terminal part of the midleg tarsus that is in contact
with the water during sculling, thus facilitating its release from
the surface (Gao & Feng, 2011). During a critical state, the
midlegs may play a crucial compensatory role by gaining addi-
tional loads to prevent immersion of the floating body.

Spatial configuration of the legs as an
essential factor in sculling

The typical sculling consists of a set of bilateral movements of
the midlegs (Darnhofer-Demar, 1968). As a contrast, when
water striders carry prey bodies by using their forelegs, they
demonstrate asymmetrical sculling, with one midleg supporting
the body and the other performing driving (Kim et al., 2022).
During the sculling stroke, water striders transfer momentum
to the subsurface water principally through hemispherical vorti-
ces while the midlegs and menisci beneath them work as oars
and blades, respectively (B€uhler, 2007; Hu et al., 2003; Hu &
Bush, 2010). The midlegs demonstrate a wide range of config-
urations in all the joints to place from the catch to driving and
release positions in order to impart momentum (Fig. 4a–d).
Water striders stand on six points of contact, while the body

center is located over the middle of the base of support
(Fig. 4a). The base of support refers to the area beneath the
body and within the points where the legs contact the surface
(Binder et al., 2008). A larger base of support that is obtained
by widening angle of the legs improves the body posture dur-
ing stepping (Gruhn et al., 2008; Merienne et al., 2020). In
this regard, movements of the forelegs to the sides can contrib-
ute to improving floating of the body while the slide trajectory
stays straightforward (Fig. 4a). Although changes in the angle
of hindlegs are not intense, position changing of the hindleg
tarsus-tibia parts from spreading apart to parallel may assist in
sliding. As reported before, the hindlegs can be used as rud-
ders for motion trajectory (Andersen, 1976; Pratt, 1938; Tseng
& Rowe, 1999), but it is unclear whether the hindlegs are
functionally independent of the other legs. Thus, striding is
regarded as a dynamic activity with the assistance of all legs.
A stride cycle is ended with readjustment of the legs to the
starting posture that puts the body on standby position. The
starting posture appears to be necessary for immediate motion
and may reduce the risk of sculling failure.

Dynamical analyses during a full stride
performance

The body velocity is an important quantity that provides a
clear view of the interaction between propelling and sliding.
Despite the similar sizes, their stride performances were char-
acterized by distinctive features in terms of traveling times and

lengths (Fig. 4e). The acceleration magnitude of the midlegs
seems to be correlated with the initial body movement,
although other parameters such as configuration of the legs,
resistance, and morphological differences can lead to variations
in the body velocities (Fig. 4f). The midlegs are moved in
both the horizontal and vertical directions during the driving
phase (Wei et al., 2009). Water striders intensify their leg force
progressively in order to increase imparting momentum to the
fluid (Koh et al., 2015). As a result of flexibility of the legs,
the midlegs can push the water down deeper without breaking
the surface tension (Steinmann et al., 2021; Yan et al., 2018).
Due to stronger stroke, higher propulsion power is produced
during sculling (Gao & Feng, 2011). Although there is con-
straint for measuring spatial movement of legs, velocity of the
midlegs and the body momentum exhibit high coincidence
(Fig. 4f, g). Changes in vertical load that happen coincide with
acceleration of the midlegs that might enhance the transfer of
forces to legs to propel themselves as quickly as possible with-
out breaking the interface. Upon the midlegs are released from
water, the bodies achieve the maximum momentum.
The individuals with higher initial velocities may travel fur-

ther distances, but not for the longest time. The individuals
with lower initial velocities established a variety of strides,
which indicates no strong correlation between initial velocity,
length of traveled distance, and sliding duration. This implies
that water striders control their locomotion behavior at the pro-
pelling and sliding levels in order to reach a particular
destination.

Load changes during the sculling
performance

The legs must be loaded symmetrically during the straightfor-
ward striding while the legs show extensive alteration at the
joints (Figs 4c, 5a). With changes in the leg adjustment, water
striders sustain floating by load shifting among their legs (Yin
et al., 2016; Zheng et al., 2016). The legs are predicted to
exchange loads repeatedly to maintain the body stable. The ini-
tial surge of pressure on the forelegs with a subsequent load
reduction on the hindlegs indicates that the body is anteriorly
tilted after sculling. The body begins to gently lean backward
and loads shift toward the posterior, while the total load curve
descends to the baseline (Fig. 6a). As loads on the ski-legs
decrease during the recovery phase, the trends show a rela-
tively low range of fluctuations (Fig. 5b). Possibly, the fluctua-
tions represent action of the forelegs and hindlegs in producing
pressure on the water surface to assist with stabilizing of the
body. It may lead to an idea that the function of ski-legs is
expanded from a weight supporter to a stabilizer (Figs 5b, 6c).
During the driving phase, load on the scull-legs reaches a

peak while the ski-legs begin to lose load (Fig. 5a). A decrease
in load on the forelegs can be attributed to flexion of the joints
and the body upward movement (Fig. 4a). It may lead to
lower resistance between the forelegs and the water surface,
and water striders achieve a greater initial thrust. A load peak
on the midlegs is caused by propelling with an additional load
in the absence of support from the forelegs (Fig. 6b). In other
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words, the maximum load on the midlegs is the sum of their
vertical pressure and the shifted weight from the ski-legs. In
contrast to the oar blades entering the water, vertical pressure
is required for the midlegs to effectively push the water
beneath backward, which is believed to be necessary for scul-
ling. A vertical pressure changes in depth of minuscus below
to the tip and affects the amount of vortex in the flow (Stein-
mann et al., 2021).
At two distinct times, the loads on the ski-legs and scull-

legs reach the maximum levels (Fig. 6b). With the contribution
of all the legs, dynamic load steadily increases to reach the
maximum point at a time between the two peaks. As the driv-
ing phase is being completed, a high value of load shifts on
the ski-legs. The forelegs appear to be adapted to gain a sub-
stantial value of extra load during the swing stage, but the
hindlegs act to smoothly spread it during the recovery phase
(Figs 5a, b, 6b). As the midlegs are reattached to water, loads
on the legs tend to be directed toward the baseline during the
recovery phase to establish the starting posture. Thus, the
scull-legs and ski-legs can compensate each other to prevent
load disproportional variations. In consequence, the smooth
load redistribution occurs on the legs while it is associated
with the gentle sliding on the water surface.
This study can contribute to understanding of the freedom

degree of joints and other effective parameters in striding of
water striders. It can provide a link between behavioral studies
and adaptation of water striders to exhibit a variety of locomo-
tions. It may lead to the design water-walking machines with
high floating ability to exhibit long-term locomotion.

Conclusions

Configuration of legs and load distribution in the water strider
Gerris argentatus were studied in both static and dynamic
states. Water striders adjust their legs to achieve a standstill
body posture while the bodyweight is distributed on each sin-
gle foreleg, midleg, and hindleg in order of 19%, 10%, and
21% of the total, respectively.
Striding behavior is associated with a wide variety of char-

acteristics, which are controlled by water striders. On average,
individuals with ~10 mg mass can reach the peak velocity of
~0.20 mm/ms and proceed ~38 mm distance in 715 ms.
Although the midlegs are responsible for froward propulsion,
the forelegs and hindlegs actively contribute to striding
throughout the locomotion. In addition to moving the midlegs
quickly horizontally, the tip of the midlegs seems to press the
surface vertically. Smooth load shifting among the legs in con-
junction with a particular configuration of legs allows water
striders to achieve gentle locomotion on the water surface. The
results can be used to better understand leg kinematics by
which water striders maintain floating and slide on water. It
can also help to improve layouts design of water-skating robots
through their locomotion. Through this study, it will be possi-
ble to discuss not only how the forelegs and hindlegs are used
for supporting the body but also how they assist in striding by
modifying the body posture. However, the principal mechanism
of load alteration remains a matter of debate that will be dis-
cussed in the future.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Figure S1. The dorsal side of thorax loaded by the steel
cannonball sinker (arrowhead).

Figure S2. Total shadows before and after raising the fore-
legs, “NS” indicates not significant difference (P > 0.05) (t-test).

Figure S3. (a–d) Water striders at the rest position.

Video S1. Video clip of a water strider during raising the
forelegs.

Video S2. Video clip of a water strider sculling, side view.

Video S3. Video clip of a water strider sculling, below
view.

Appendix S1.

Load distribution in water striders J. Meshkani et al.
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