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We disclose a peculiar rotational propulsion mechanism of Ray
sperms enabled by its unusual heterogeneous dual helixes with a
rigid spiral head and a soft tail, named Heterogeneous Dual Helixes
(HDH) model for short. Different from the conventional beating
propulsion of sperm, the propulsion of Ray sperms is from both the
rotational motion of the soft helical tail and the rigid spiral head.
Such heterogeneous dual helical propulsion style provides the Ray
sperm with high adaptability in viscous solutions along with
advantages in linearity, straightness, and bidirectional motion. This
HDH model is further corroborated by a miniature swimming robot
actuated via a rigid spiral head and a soft tail, which demonstrates
similar superiorities over conventional ones in terms of adaptability
and efficiency under the same power input. Such findings expand
our knowledge on microorganisms’ motion, motivate further stud-
ies on natural fertilization, and inspire engineering designs.

dual-helical propulsion | highly environmental adaptability |
bidirectional motion

Moving in an aquatic environment is an essential requirement
for organisms and cells in waters and inside bodies. Over

millions of years, organisms have developed unique body shapes to
realize efficient propulsions in various environments, such as the
flipper of ducks, the tail of fish, the soft body of snakes, and the
flagella of bacteria and sperms (1–3). In 1951, a scientist revealed
that swimming is highly size affected, and the underlying physical
behaviors are significantly different and correspond to the ratio of
inertial force and viscous force (4), represented by Reynolds
number Re in physics. In recent decades, the soft tail of micro-
organisms, including bacteria and sperms, attracted great interest
because its motion can break the symmetry of deformation in time
at low Re, allowing these tiny organisms to swim efficiently.
Nowadays, such findings have significantly inspired the design of
miniature swimming robots, which has a wide range of applica-
tions from environmental to biomedical engineering (5, 6).
In the usual perception, sperms are thought to use the soft tail

for swimming by rotating or beating (7–9), and the head is only a
container of the genetic material. Some sperms of various species,
such as cartilaginous fish (10–12), passerine birds (13–16), some
amphibians (17–20), cephalodasys maximus (21), annelida (22),
arthropoda (23), monotreme, and epiphanes senta, as reviewed by
researchers (24, 25), have a distinctive spiral head. Apart from the
morphology studies, some researchers also reported the spinning
motion of sperms with spiral head (26–29), including their motility
in viscous environments (30–32). Although some studies predicted
the coupled relation between the rotational motion and forward
motion (33–35), the specific role of the spiral head in the propulsion
and the dual helical propulsive mechanism are still unclear. To reveal
the role of the spiral head of sperm in propulsion, here, we disclosed
an unusual swimming style of sperms, designated as Heterogeneous
Dual Helixes (HDH) model, by accounting for the motions of sperms
extracted from Javanese Cownose Ray (Rhinoptera javanica) and

Black Spotted Ray (Taeniura meyeni) in solutions with various
viscosities (36). We illustrate that the Ray sperm contains one
soft tail and one rigid spiral head connected by the midpiece, and
both the tail and head contribute to propulsion by rotating in the
same direction. More interestingly, their contributions are ad-
justable and correspond to the motion and the liquid environ-
ment’s viscosity. Such heterogeneous helical propulsion not only
provides Ray sperms high adaptability to a wide range of viscous
environments but also leads to superior motion linearity, straightness,
bidirectional motion ability, and efficiency. The advantages of this
HDH model are also evidenced by designing a miniature swimming
robot with a rigid spiral head and a soft helical tail, which dem-
onstrated similar superiorities over conventional ones in terms
of adaptability and efficiency under the same power input. These
findings provide a perspective to expand our knowledge on the
motion of microorganisms, to study natural fertilization, and to
inspire engineering designs.

Results and Discussion
Heterogeneous Dual Helical Propulsion of Ray Sperms by a Spiral
Head and a Soft Tail. Different from conventional sperms with soft
tails only, Ray sperms consist of heterogeneous helical sections,
namely, a rigid spiral head and a soft tail, which are connected and
actuated by a powered midpiece in the middle. Statistics suggest
that the spiral head is 42.9 ± 2.3 μm long with four circles, and the
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soft tail is 62.6 ± 3.9 μm long with three helical cycles in swimming,
while the midpiece is straight and 12.7 ± 1.0 μm long (Fig. 1A and
SI Appendix, Fig. S1). The length ratio of the head:midpiece:tail is
approximately 3.4:1:4.9, which is quite unique compared with
sperms with (nearly) spherical or rod-shaped head (37–40) (SI
Appendix, Table S2). To illustrate the structure of Ray sperms in
detail, we further characterize them by scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM). The
SEM images (Fig. 1B) show that the head is naturally spiral, similar

to that in the semen diluent (normal solution). On the contrary, the
tail changes its form from a helical shape when in motion to a
random curve in the relaxed state. Moreover, the regular projec-
tions of lumps on the midpiece reveal the existence of the mito-
chondria, which provide energy for sperm motion. The naturally
spiral shape of the head of Ray sperms is further confirmed by
confocal microscopy (Fig. 1 C, i and ii and SI Appendix, Fig. S2),
suggesting that the head is composed of four cycles with the radius
and half of the pitch ranges in [0.8, 3.3] μm and [6.5, 8.3] μm,
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Fig. 1. The morphology and ultrastructure of Ray sperms. Images of the Ray sperm observed under the fluorescence microscope (A), SEM (B), confocal
microscope (C), and TEM (D). The nuclear DNA stained by Hoechst is blue, and the mitochondria stained by MitoTracker are red. Due to the difference in
flexibility, the head exhibited helical shapes while the tail curved under microscopes. The lumps on the midpiece represent the mitochondria, which provide
energy for the propulsion of sperms. The three-dimensional (3D) helical structure of the head is observed under the confocal microscope (C, i), and the 3D
reconstruction of the head is shown in C, ii. The ultrastructure of the sperm is illustrated in D: longitudinal sections of the midpiece (D, i) and tail (D, iii), cross
sections of the midpiece (D, ii), and tail (D, iv).
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respectively. Additionally, the ultrastructure of the sperm obtained
by TEM (Fig. 1D and SI Appendix, Fig. S3) suggests that the head
consists of multiple concentric layers with different densities and
connects to the midpiece by the axial rod in the center. On the
other hand, the tail consists of a “9+2” (doublet + singlet) mi-
crotubular axoneme with two longitudinal columns on the two
sides. These differences between the head and tail in ultrastructure
implies their differences in stiffness.
To elucidate the motion of Ray sperms, we track the shape and

trajectory of sperms during swimming under the microscope. The
results indicate that the rotational radius Am and half of the pitch
Hp of the rigid head change little during swimming (i.e., the co-
efficients of variation [SD/mean]) of Am and Hp are less than
12.6% and 10.9% in each half-cycle, respectively. In contrast, the
value of Am and Hp of the tail is less than 43.24% and 21.98%,
indicating that the soft tail always deforms in accordance with
environmental changes (SI Appendix, Fig. S5). The motion of a
representative sperm is shown in Fig. 2 A and B (Movie S2). Given
the recorded first Am of head and tail in Fig. 2A, iii, the head
rotates while keeping the spiral shape and the Am cyclically varied
within 1 μm. Conversely, the first Am of tail irregularly changes
with time, and the extreme values change from 3.7 μm to 6.8 μm,
which might have been due to its soft specialty. The detailed
rotational speeds of six half circles on the tail are shown in SI
Appendix, Fig. S6, and the average speeds ranged from 49.1 rad/s
to 51.3 rad/s, which are ∼16% of those of the head. A further
statistics study based on 33 samples suggests that the mean of the
head’s rotational speed is 273 rad/s, which is approximately six
times greater than that of the tail, as shown in Fig. 2A, iv.
Moreover, we find that the heterogeneous dual helical pro-

pulsion provides Ray sperms better directivity during swimming
compared with sperms with helical or beating tails only. We record
and draw the shape of sperms and the trajectory of their head tip
and provide the data of a representative sperm in Fig. 2B and SI
Appendix, Fig. S7. Although some fluctuations exist during the
swimming, the real trajectory is nearly a straight line. The average
linearity and straightness of Ray sperms’ motions are 81.6% and
95.1%, respectively, which are obviously higher than sperms from
many other species (usually around 50% and 80%) (41–47), ex-
cept for special cases of guppy and zebrafish with linearity over
92% (48, 49).

The Hydrodynamics of the Heterogeneous Dual Helical Propulsion
Mechanism. To elucidate the contribution of the head and tail to
sperm’s swimming, we construct a model to analyze the sperm’s
propulsion based on the resistive force theory (Fig. 3A) (50, 51).
Taking into consideration the homogenous rotational speeds and
ununiform helixes of the Ray sperm, we introduce the integration
in the modeling to improve its generalization. For each rotating
segment on the head or tail, its velocity is decomposed into two parts:
the normal velocity vn and the tangential velocity vt. According to
the resistive force theory, this segment sustains two kinds of forces,
namely, normal stress fn and tangential resisting force ft, which are
all linear to the velocity in the same direction with the coefficient
of cn and ct, respectively. Then, the forward propulsive force ff is
derived from ff = fn sinφ − ft cosφ, and φ is the pitch angle of that
segment. The midpiece is modeled as a cylinder, whose structure
just produces resisting force in propulsion. As such, the total
propulsive force of the sperm can be calculated by the integral of ff
along with the body.
Based on the above model and the recorded experimental

shape and velocity data (SI Appendix, Figs. S8 and S9), we find
that the spiral head contributed ∼31% to the total propulsion,
which is a recorded head propulsion in all known sperms (7, 52).
This ratio is consistent with the calculation result based on the
regularized Stokeslet method (2, 53) (SI Appendix, Fig. S10). Such
relatively high contribution comes from the fast rotational speed

of the head (seven times of the tail), although the rotational radius
is much smaller (20 to 50% of the tail). Furthermore, the rela-
tionship among the rotational speeds, forward speed, and the
propulsive ratio of the head is statistically analyzed by regression
and displayed in SI Appendix, Table S3. It suggests that the head
can contribute 13.08% and 45.10% of the propulsive force when
the rotational speed and the forward speed in extreme situations,
respectively. To further illustrate the role and contribution of
every part of the sperm to the propulsion, we calculate the
propulsive force of each segment (gray bar) and compared it with
the cumulative force (orange line) in Fig. 3B. It shows the cu-
mulative propulsive force increases in both head and tail regions
depending on the rotational radius and speeds but remains un-
changed along the midpiece.
Similar to the propulsion of other sperms, the forward velocity

of Ray sperm is also positively correlated to the rotational speed,
although its propulsion comes from both the head and tail. The
relationship between the forward velocity and the rotational
speed of the tail for five samples is illustrated in Fig. 3C. The
scattered points are the experimental measurements of the ve-
locities, and the corresponding lines represent the fitted function
between those two velocities based on the first-order linear fit-
ting, and the significance test result is provided in SI Appendix,
Tables S4 and S5. Although the slope of each line varies due to
the differences among sperms, the swimming speed demon-
strates a proportional relation with the tail’s rotational speed,
which is in accordance with the proposed HDH model.
The HDH propulsion mechanism offers the Ray sperms high

motion efficiency. From a biological perspective, the energy
generated from the midpiece would transfer to both the head
and tails for propulsion. However, for the normal sperm with a
nearly spherical head, the propulsion only comes from the helical
or beating motion of the tail, whereas the motion of the head
makes no contribution to the propulsion. In comparison, the Ray
sperms use both the head and tail for helical propulsion, dem-
onstrating a higher efficiency in the use of biological energy. This
could be evidenced by the ratio between the forward speed and
rotational/beating frequency of the flagella in SI Appendix, Table
S6. The highest propulsion distance per revolution stemming from
the Ray sperm can reach 14.8 μm. For comparison, the sperms of
Sterlet and Bull can only move 3.85 μm and 5.5 μm within one
cycle, which are just 26% and 37% of the propulsion distance of
the Ray sperm (54–57), thereby revealing the high energy effi-
ciency of the HDH propulsion mechanism.

Bidirectional and Turning Motion Enabled by the Heterogeneous Dual
Helical Propulsion.Unlike the motion of other sperms, we find that
the unique heterogeneous dual helical structure of Ray sperms
offers a unique bidirectional swimming ability. Such an ability
could benefit sperms in nature, especially when they encounter
obstacles (SI Appendix, Fig. S12 and Movie S3). As discussed
above, the propulsive force is determined by the rotational speeds
and directions of both head and tail (Fig. 3C). Hence, when the
rotational direction changes, such as when the sperm rotates
clockwise toward the direction of the head, the sign of the velocity
will be negative, which means the produced propulsive force is
consequently opposite and the sperm moves backward.
Here, we list three kinds of bidirectional motions of sperms,

namely, only forward motion, both backward and forward mo-
tions, and only backward motion. The image sequences of a sperm
in Fig. 4A (Movie S3) demonstrate a kind of swimming with the
above three types of motions (i.e., moving backward, changing
direction, and then moving forward). In the backward motion (0 to
1,600 ms), the rigid head holds the spiral shape, but the soft tail
intertwines into a circle due to their differences in stiffness, which
means the backward force is mainly produced by the head. To
change the motion direction, the sperm rotates its body in a dif-
ferent direction. At the beginning of the direction changing process
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(1,680 to 2,640 ms), the location of the sperm almost has no change,
but the sperm starts to shake, and the tail starts to unwrap. Quickly,
the sperm moves forward (2,720 to 3,680 ms), and the tail’s shape
recovers to a helical structure for propelling along with the head
together. Specifically, when the sperm proceeds with the backward
movement first (pink curves in Fig. 4B), the speed decreases seri-
ously, and the swing is strongly enhanced due to the anomalous tail.
However, when the sperm turns to forward direction, the tail can
always recover to the regular helical structure again to maintain the
speed and stability of the forward motion.
Further statistical analyses (Fig. 4 B and C and SI Appendix,

Figs. S13–S15) show that the average forward speed (∼90.5 μm/s)
is approximately twice of backward speed (∼56.0 μm/s), due to the
action and inaction of the soft tail. In the backward motion, the

rotational speed of the head drops by ∼23% compared with that in
the forward motion (i.e., from 273 rad/s to 209 rad/s), whereas the
tail totally wraps on the head with no active helical motion. Hence,
the average propulsive contribution of the tail also reduced to 0 in
the backward motion correspondingly, indicating that only the
head contributes to the backward motion. The relationship be-
tween the rotational speed of the head and the backward velocity
is provided in Fig. 4E, and the significance test result of the re-
gression is provided in SI Appendix, Tables S7 and S8. Similar to
the model’s prediction, the backward swimming velocity also in-
creases with increasing rotational speed of the head even if the
slopes differ due to individual variation.
The spiral head also gives Ray sperms a conspicuous active

turning ability benefited from the HDH model. Although the
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Fig. 2. The motion of Ray sperms. The swimming motion of the Ray sperm in semen diluent (normal solution) is observed under the bright-field microscope
shown in A and B. According to the images in A, i and ii and the rotational amplitude changes in A, iii, the rotating periods of head and tail were ∼20 ms and
120 ms, respectively. The average rotational speeds of the head and tail were 273.7 rad/s and 38.5 rad/s, respectively, from 33 samples shown in A, iv. Based on
the recorded trajectory in B, their linearity and straightness were 81.6% and 95.1% (n = 29), respectively, which were obviously higher than those of the other
six species. Bar = mean; error bar = SD.
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turning behavior of sperms has been observed in human sperm
under flow (58), the active and smooth turning motion like Ray
sperm has not been reported and analyzed. As the images and
trajectory illustrated in SI Appendix, Fig. S11, the sperm initially
moves toward the right bottom, and the angle between the head
and the horizontal line is 37.8°. In this case, the angle between the
center axis of the head and tail is 4.7°. Then, the head of the sperm
turns right gradually, and the angle difference increases to 11.8°
within 300 ms. It can be seen that the whole body of the sperm
turns 40.3° following the new direction of the head in a short time
of 1.3 s (SI Appendix, Fig. S11C). Such turning motion comes from
the difference angle between the two individual helical sections.
Considering that both the head and tail contribute to the pro-
pulsion, the angle between them will produce a lateral force on
the body, resulting in the turning, and revealing the high motion
flexibility of the HDH model.

High Environmental Adaptability to aWide Range of Viscous Environments.
The specific heterogeneous dual helical structure of Ray sperms
also demonstrates an advantage in environmental adaptability,
which is also a critical competence in nature since the environ-
mental viscosity changes when the sperm moves in the fertilization
environment. According to the histochemical results of the elas-
mobranch’s female reproductive tract reported previously (59–65),
sperms were observed inside the oviduct, oviducal gland, isthmus,
uterus, and uterine sphincter. Specially, the investigation on the
microstructure of the oviducal gland indicates the presence of
mucous and/or proteic secretions, such as sulfated acid mucins,
neutral mucins, and glycoproteins, thereby showing the viscosity

change in the fertilization environment. To evaluate the environ-
mental adaptability of the Ray sperm, we place sperms in solutions
with 10 different viscosities, ranging from 4 mPa·s to 496 mPa·s (SI
Appendix, Table S9). Those solutions are prepared by mixing the
normal solution with various percentages of alginate, as follows:
0%, 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.8%, 1%, and 1.5%.
The motion of sperms in those solutions are illustrated in
Fig. 5 A–D (normal solution, viscous solution i [+0.5% alginate],
viscous solution ii [+1% alginate], and viscous solution iii [+1.5%
alginate]) and SI Appendix, Figs. S16–S19, and the Reynolds
numbers of sperms in these solutions are provided in SI Appendix,
Table S10. In the normal solution, the sperm can move forward
using both the spiral head and helical tail (Fig. 5A). However, in
the viscous solutions i to iii (Fig. 5 B–D, SI Appendix, Figs.
S16–S18, and Movie S4), only the head can maintain the spiral
shape, whereas the tail twins into a circle due to the high viscosity.
It is noteworthy that although the shapes of sperms in different
solutions vary, all sperms can move forward at a certain speed due
to the existence of the spiral head. The raw velocity data are
displayed in Fig. 5F, along with the median values in the four
solutions, namely, 91.9 μm/s, 66.0 μm/s, 68.0 μm/s, and 45.3 μm/s,
respectively. It indicates that the dual helical sections allow the
Ray sperms to keep ∼50% of their speed when swimming in an
extremely viscous environment even if the tail coils as a ring with
no contribution to propulsion.
To further analyze the impact of the head and tail on the

propulsive force in different solutions, we observe their rotational
speed and calculate the corresponding propulsive contributions.
As shown in Fig. 5G, the rotational speed of the head decreases
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helical head accounted for 31% of the total body. Bar = mean; error bar = SD. The detailed results of the cumulative (orange) and segmented (gray) pro-
pulsive force along with one sperm body are shown in B. The gray bars represent the segmented propulsive force of every 100 segments on the sperm body.
(C) Fitting relationship between the rotational speed of tail and the forward speed of the sperm (mean ± SD). The forward speed grew with increasing tail
rotational speed and the slopes for the five samples were 0.73, 1.31, 15.17, 3.40, and 7.54, respectively.
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from 270.1 rad/s (normal solution) to 225.6 rad/s (viscous solution
i),146.4 rad/s (viscous solution ii), and 115.71 rad/s (viscous solu-
tion iii) while retaining its spiral shape. Moreover, the tail cannot
keep the helical shape due to the high viscosity and rotates as a
ring at a lower speed (∼20 rad/s), resulting in no contribution in
the propulsive force. Hence, the head’s domination in propulsion
in viscous solutions is demonstrated. The relationship between the

rotational speed of the head and the forward speed in Fig. 5H and
SI Appendix, Figs. S20 and S21 illustrated their positive correla-
tion, consistent with the theoretical representation. The corre-
sponding significant test result of the regression is provided in
SI Appendix, Tables S11 and S12.
Compared with other species that usually drop in speed by over

40% in highly viscous solutions (viscosity increasing by 20 orders
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Fig. 4. Bidirectional motion of the Ray sperm. (A) Images showing sequences of the Ray sperm swimming backward and forward. The sperm rotated right
and moved backward in the first 1,600 ms with the tail twining as a circle. In the next 1,040 ms, the sperm transferred its status from back to forward. Then,
the tail unwrapped and returned to the helical structure, which drove the sperm moving forward faster (2,720 to 3,680 ms). (B and C) Trajectories and
corresponding moving velocities of forward (orange), backward (purple), and first backward then forward (pink) motions. Box: 25th to 75th percentiles,
whisker: 10th to 90th percentiles, and horizontal line: median value. Since the tail twined as a circle in the backward motion and almost made no contribution
to the propulsive force, backward motions were much slower than forward ones. (D) Rotational speed and propulsive force in forward and backward motions
(n = 495). Bar = mean; error bar = SD. The rotational speeds of the head decreased by over 20% in backward motions compared with those in forward
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of magnitude) (66, 67), the velocity of the Ray sperm moving in
highly viscous solutions (viscosity increasing by 50 orders of mag-
nitude) only drops by 26% (SI Appendix, Table S14). The specific
heterogeneous dual helical morphology, especially the rigid spiral
head, allows Ray sperm to move in solutions with a wide range of
viscosities, which could indicate prominent competence in nature,
and could inspire many engineering designs as well.
Considering that the fertilization in Rays is internal, the sperm

should swim through the uterus, oviducal gland, and the oviduct.
However, the length of the uterus and oviduct can reach up to 30
to 40 mm (∼200 times the length of the sperm), secretory cells
and ciliated cells commonly exist in the female reproduction
tract (60–65), and the ciliated microvilli from the ciliated cells
hinder the sperm’s motion. These features raise great challenges
for sperms moving in the fertilization environment. Benefiting
from the HDH model, the swimming linearity, obstacle avoid-
ance ability, and environmental adaptability provide Ray sperms
higher competence in motion and efficient propulsion in the female
reproductive tract.

Experimental Corroboration of the HDH Model by a Bio-Inspired Robot.
The advantages of the HDH model of Ray sperms in motion
directivity, bidirectional motion ability, and the environmental

adaptability offer a perspective for the design and fabrication of
a small swimming robot. To further determine the potentials of the
sperm’s specific structure, we design a bio-inspired robot with a
heterogeneous dual helical morphology as shown in Fig. 6A. The
robot consists of three parts like the sperm, namely, a spiral head
made of rigid iron wire, a helical tail made of soft cotton wire, and
two motors as the midpiece for the energy supply. We first place
the bio-inspired robot in silicon oil solution with the Reynolds
number of Re = 8.8 ∼ 24.6 × 10−3, similar order as that of Ray
sperms in normal solution. The corresponding rotational speed of
the head, tail, and the forward speed of the robot are displayed in
Fig. 6B and SI Appendix, Fig. S24. The gray scatters represent the
raw velocities. The colored surface is the three-dimensional (3D)
fitting function determined through the interpolation method. The
forward velocity increases with the growth of the rotational speed
of both head and tail, matching the theoretical analysis. Meanwhile,
the roles of the head and tail in propulsion have been demonstrated
by driving the robot with a single head or tail in different viscous
solutions (SI Appendix, Figs. S25 and S26 and Movie S5). The ve-
locity ratio reveals that the tail plays the main role in the dilute
solution whereas the head contributes more in the viscous solution.
To demonstrate the advantages of the heterogeneous dual

helical swimming model over the conventional helical ones in
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Fig. 5. Environmental adaptability of the Ray sperm in viscous solutions. Images (A–D), trajectories (E), and velocities (F) of the Ray sperm swimming in four
types of solutions (normal solution, viscous solution i, viscous solution ii, and viscous solution iii) observed through the bright-field microscope. Box: 25th to
75th percentiles, whisker: 10th to 90th percentiles, and horizontal line: median value. Since highly viscous solutions hindered the helical motion of soft
material, the tail twined as a circle and almost made no contribution to the propulsive force. The forward velocity in viscous solution i was 28% slower than
that in normal solution. (G) Rotational speed and propulsive force in four solutions (n > 34). Bar =mean; error bar = SD. The high viscosity of solutions reduced
the rotation of the head and abolished the helical rotation of the tail. (H) Fitting relationships between the rotational speed of the head and forward speed
(mean ± SD) in different solutions, showing the rotational speed of the head was correlated with the forward speed positively.
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various environments, we conduct control experiments by using
the robot with heterogeneous dual helical morphology, single
helical head, and single helical tail. Those robots are driven at
the same power input. The experimental results are presented in
Fig. 6 C and D, SI Appendix, Fig. S27, and Movie S5. Compared
with the robot only with head or tail, the robot with heterogeneous
dual helical morphology is able to adjust its energy distribution on
the head (viscous solutions) or tail (dilute solutions) correspond-
ing to the viscosity. Although all the three robots swim slower with
increasing solution viscosity, the robot with heterogeneous dual
helical morphology always moves fastest, and its velocity is 140 to
420% times those of the other two robots. For instance, the ve-
locities of robots with single propulsion section decreases from
3.2 mm/s to 0.5 mm/s (single head) and 4.5 mm/s to 0.2 mm/s
(single tail), respectively, with increasing viscosity from 100 mPa·s
to 1,600 mPa·s. For comparison, the velocity of the robot with
heterogeneous dual helical morphology only drops from 7.6 mm/s
to 0.8 mm/s. This result is consistent well with the proposed HDH
model and demonstrates the great application potentials of the
heterogeneous dual helical morphology in engineering.
The inspired robot expertly moves in liquid environment, es-

pecially when the viscosity changes, due to the motion linearity,
straightness, and especially, the high environmental adaptability
of the HDH structure. Such abilities provide great opportunities
for the swimming robot design and application inside the human
body with complex fluidic environments (e.g., vascular, and
enterocelia). Apart from the biomedical applications, the robot
with high adaptability to viscosity will also become the solution to
some challenging engineering tasks, such as tidal flat exploration.
In summary, as a disclosed swimming style of sperms, the HDH

model demonstrates several advantages in environmental adapt-
ability, swimming linearity, straightness, and efficiency. This pe-
culiar motion style breaks the conventional perception of single

tail propulsion and illustrates the significant contribution of the
helical head. This discovery will expand the knowledge on sperms’
motions and motivates further investigations on natural fertiliza-
tion and robotics.

Materials and Methods
Semen Collection, Dilution, and Preservation. Semen was collected from dif-
ferent Ray fishes (Rhinoptera javanica and Taeniura meyeni) raised in the
aquarium at the Ocean Park, Hong Kong, through the insertion of a tiny
feeding tube attached with a 1-mL syringe through the urogenital papillae
to the sperm sac. For each semen collection, we collected semen from two
mature Javanese cow nose rays, and we used 20 mature fishes throughout
the study. We observed that the average spermatozoa density was about
689 ± 185 × 106 ml−1 for Javanese cow nose rays (n = 20). For the black-
spotted stingray, the sperm count was about 300 × 106 ml−1, and there was
only one fish from which to collect the semen. Semen was diluted into the
semen diluent for cartilaginous fish, also called ocean ringer solution (1:3),
within 5 min of the collection at room temperature (22 °C) and transferred
to the laboratory in an icebox (4 to 5 °C). In the laboratory, further dilution
was performed for getting the concentration of 1 × 106 sperm per ml. A
total 1 mL diluted semen (1:10) was kept in an Eppendorf tube (1.5 mL) and
then preserved in a refrigerator (4 to 8 °C) for further application. The recipe
of ocean ringer solution was as follows: NaCl (240 mM), KCl (7 mM), MgCl2
(4.9 mM), CaCl2 (10 mM), Na2SO4 (0.5 mM), NaHCO3 (2.3 mM), Na2HPO4(0.5
mM), glucose (55 mM), urea (360 mM), and TMANO (60 mM). The pH was
kept about 7.8 to 8.0 measured by a pH meter (3510 Jenway).

Sample Preparation. After the semen collection, semen was diluted into the
semen diluent for cartilaginous fish, which is also called ocean ringer solution
(1:3) within 5 min after the collection at room temperature (22 °C) and
transferred to the laboratory in an icebox (4 to 5 °C). In the laboratory,
further dilution was performed to get the concentration of 1 × 106 sperm
per ml. A total 1 mL diluted semen (1:10) was kept in an Eppendorf tube
(1.5 mL) and then preserved in a refrigerator (4 to 8 °C) for further application.
In the motility observations, we first add 1 to 2 μL solution on the slide
(LIUSHENG, REF188158, treated with positive charges) to wet it in advance.
Then we add 10 μL of the diluted sperm sample solution on the slide and use a
glass coverslip on it. Then we add 1 to 2 μL solution on the two sides of the
coverslip and then observe the sample under the microscope. The distances
between the slide and the coverslip are measured under a microscope (SI Ap-
pendix, Fig. S23), which are 86.9 ± 7.1 μm (normal solution), 84.3 ± 11.0 μm
(viscous solution i), and 116.6 ± 34.8 μm (viscous solution ii). Compared with the
rotating radius of the sperm (within 10 μm), this height is sufficiently large for
sperm movement.

Nucleus and Mitochondria Staining. The nuclear portion of the sperm was
identified through staining with Hoechst 33342 (Cell Signaling Technology).
In brief, Stock Solution (16.23 mM) of Hoechst 33342 was diluted into a di-
lution of 1:1,000 in ocean ringer solution to prepare working solution. A total
100 μl sperm sample (1 × 106 cells/mL) was added to 100 μl of Hoechst 33342
working solution and incubated for 30 min in a dark place at room tem-
perature (22 °C). A total 10 μl staining solution was added to the microscopic
slides and sealed with a coverslip. The image was taken by using Nikon Ni-E
Upright Microscope. An oil immersion lens of 100x with a numerical aper-
ture (NA) of 1.5 was set to capture the image by Zyla 4.2P. USB3 Andor
Camera (0.065 μm per pixel).

To identify the mitochondrial area in Ray fish sperms, MitoTracker Red
CM−H2X (Life Technologies Corporation) was used. A stock solution (1 mM)
of MitoTracker Red was diluted 1:100 in ocean ringer solution to prepare the
primary solution (10 μM). A total 2 μl of primary solution was added into a
sperm solution of 400 μl and kept in a dark place for 15 min before ob-
serving under the microscope. A total 10 μl of this solution was placed on a
microscope slide, and a coverslip was used to seal it. Image was captured
with a 100x (oil immersion) lens within 30 min to avoid deformation using
Nikon Ni-E Upright Microscope.

SEM Image Acquisition. Sperm samples of 10 × 106 per ml concentration were
fixed with 2.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M ocean
ringer solution and post fixation done by 2% osmium tetraoxide. After
washing with water thrice, the dehydration was performed through an ac-
etone series. Gold coating of the sample for SEM was done under vacuum
using a coating unit E5100 (Polaron Equipment Ltd.), and images were taken
by SEM (FEI Quanta 250) with a working distance of 8 mm and magnification
of 6,000× for the total body and 18,000× for the midpiece.

B C

D

A

Fig. 6. The robot inspired by the dual helical sections of Ray sperms. (A)
Structure of the bio-inspired robot. The robot is powered by motors with the
rigid helical head and soft tail made of iron wire and cotton wire, respec-
tively. (B) Fitting surface of the rotational speed of head and tail and the
forward velocity through the interpolation method. The forward velocity is
positively correlated with these two rotational speeds, consistent with the
theoretical analysis of sperms’ motions. Forward velocities (mean ± SD) (C)
and images (D) of the robot with dual or single helical sections under the
same power input (n = 3). The robot with the dual helical sections moves
fastest in all solutions, demonstrating its ultra-adaptability in all solutions.
The robot with a helical tail relatively adapts to the dilute solution while the
robot with a helical head performs better in highly viscous solutions.
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Video Acquisition. The videos showing themotion of the spermwere captured
with 1) 12.5 fps, 2) 100 fps, 3) 200 fps, and 4) 500 fps using different mi-
croscopes. For the 12.5-fps videos, we used an Olympus BX50 phase contrast
microscope with a 20× objective. For the 100-fps and 200-fps videos, Nikon
Ni-E Upright Microscope was used with 10× and 20× objective lens, respec-
tively. An inverted microscope (Olympus IX73) with the high–time resolution
camera (Optronis CP70-1HS-M-1900) was used to capture the high frame
rate videos (500 fps) with 40× objective.

Confocal Image Acquisition. The images of the sperm head captured under the
confocal microscope were captured with 30 fps using Nikon A1 HD25 large
field-of-view confocal microscope with 40× and 60× objective lens. The
sperm samples were prepared following the same protocol used for the
nuclear staining method.

TEM Image Acquisition. Sperm samples of 10 × 107 per ml concentration were
fixed in 2.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M ocean
ringer solution and kept at 4 °C for 2 h. After three rinses with 0.1 M sodium
cacodylate buffer with 10 mM CaCl2 and 0.2M sucrose, cell pellets were
embedded in 3% agarose and sliced into small blocks (1 mm3), rinsed with
the same buffer three times, and postfixed with 1% osmium tetroxide and
0.8% potassium ferricyanide in 0.1 M sodium cacodylate buffer with 10 mM
CaCl2 and 0.2 M sucrose for 1.5 h at room temperature. Cells were rinsed
with water and enbloc stained with 4% uranyl acetate in 50% ethanol for
2 h. Cells were dehydrated with increasing concentration of ethanol, tran-
sitioned into propylene oxide, infiltrated with Embed-812 resin, and poly-
merized in a 60 °C oven overnight. Blocks were sectioned with a diamond
knife (Diatome) on a Leica Ultracut 7 ultramicrotome (Leica Microsystems),
collected onto copper grids, and post stained with 2% aqueous uranyl ac-
etate and lead citrate. Images were acquired on a JEM-1400 Plus transmis-
sion electron microscope equipped with a LaB6 source operated at 120 kV
using an AMT-BioSprint 16-M charge-coupled device camera.

Viscosity Measurement. The viscous solution was prepared by mixing 0.1%,
0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.8%, 1.0%, and 1.5% sodium alginate along
with the ocean ringer solution. Viscosity was measured by NDJ-9SB Digital
Rotary Viscometer.

Image Analysis. The trajectory and morphology shape data of swimming Ray
sperms were obtained through the image processing. The rotational speeds
of the head and tail were calculated according to the image sequences from
the experimental videos with 100 fps, 200 fps, and 500 fps. The shape data,
including the rotational radius, half of the pitch, and the helical filament
radius of Ray sperms, were measured through the image processing software
ImageJ. The morphology of Ray sperms during swimming was extracted from
the free available web application WebPlotDigitizer. When acquiring the
trajectory of the sperm,we tracked the top point on the spermhead in images
based on the custom-written script in Matlab to record the position of the
sperm’s head. Furthermore, a custom-written script in Matlab was applied to
gain the motion characteristics of Ray sperms. Five parameters described the
motility of the sperm, consistent with the current standards, as follows: 1)
curvilinear velocity (VCL): the distance between two neighboring tracking
points of the sperm/the corresponding time difference; 2) average path
velocity (VAP), which is the average path of the sperm/total tracking time; 3)
straight line velocity (VSL), which is the distance between the first and the
last positions of the sperm/total tracking time; 4) linearity: VSL/VCL; and 5)
straightness: VSL/VAP. The average of these parameters and the trajectory
were chosen as the characteristic values of each sperm, and the mean of all
sperms was the final value for each motility parameter.

Fabrication of the Bio-Inspired Robot. The swimming robot inspired by Ray
sperms was constructed with one soft tail and one rigid helical head, and they
were driven by two independent motors in the midpiece (Fig. 6A). The motor
has dimensions of 4 mm × 8 mm and a rated power of 0.06 W (Shenzhen
Jiechuangsen Technology Co., Ltd). The rigid helix acts as the head and was
fabricated by wrapping an iron wire (diameter 250 μm) on a mandrel. The
pitch angle, radius, and axial length of the head helix was 45°, 0.8 mm, and
10 mm, respectively. The tail helix was manufactured by coating a poly-
dimethylsiloxane (PDMS, 0.1 equivalent curing agents, Sylgard 184, Dow
Corning) layer on a cotton wire (diameter 1 mm). First, the cotton wire was
soaked in the PDMS solution for full integration. Then it was wrapped
around a mandrel with a radius of 2.7 mm and finally thermal cured in 70 °C
for 24 h. The cured PDMS helix acting as the tail could be deformed by force
while maintaining a certain spiral shape in a normal state. The tail’s helix
had an axial length of 25 mm with a pitch angle of 45°. For the robot with a

single helical section used in the comparison experiment, the head of one
robot was replaced by a straight iron wire with dimensions of 1 mm × 8 mm
while the flexible tail was maintained. The tail of another robot was
wrapped around the body manually while the rigid helical head was
maintained. Further test results indicated that Young’s modulus of head and
tail material was 1.2 × 1011 N/m2 and 2.51 × 107 N/m2, respectively.

The rigid head helix was aligned to the motor axis exactly. The oblique
angle between the tail helix axis and the motor axis was 5° to express the
large swing of the Ray sperm’s tail. The power for motors was provided by
two programmable DC power supplies (eTM-L303SP) with accuracy of 0.0001
A and 0.001 V. The bio-inspired robot was put in a rectangular container
(200 mm × 75 mm × 35 mm) filled with dimethyl silicone oil (Density 0.9630,
Aladdin Chemistry Co. Ltd.) with the viscosity changing from 100 mPa·s to
1,600 mPa·s at 25 °C. A foam plate with dimensions of 25 mm × 20 mm ×
7 mm was attached to the robot for suspension in the silicone oil solution.
The motions of the bio-inspired robot were captured by the KEYENCE VW-
Z1 motion analyzing microscope with 500 fps.

Experimental Set-Up of the Bio-Inspired Robot. To investigate the relationship
among the rotational speed of the head and tail and the velocity of the robot,
we placed the robot in the 800-mPa·s silicone oil, and the dual helixes were
driven by two independent motors with powers ranging from 0.025 W to
0.050 W. The rotational speed of the head changed from 8.9 to 15.2 rps and
that of tail changed from 0.5 to 1.2 rps. The forward speed of the robot
increased along with the rotational speeds in the range of 0.7 to 1.8 mm/s.

The analysis of the propulsive contribution of the helical head and tail in
different viscous solutions was then conducted. The bio-inspired robot was
driven by a single head or tail with the power of 0.050 W in solutions with
viscosity ranging from 100 mPa·s to 1,600 mPa·s. Considering that the robot
did not have a uniform size and the rotational speed of each part also dif-
fered, the cubic root of the volume of the whole robot is used as the
characteristic length for Reynolds number calculation (68). The detailed
parameters for calculation are provided in SI Appendix, Table S10.

To compare the motions of robots driven by dual or single helical sections,
we used three kinds of robots: the robot with both helical head and helical
tail, the robot with a spiral head and a winded tail, and the robot with a
straight head and a helical tail. During the swimmingmotion, the twomotors
of each robot were driven in series with the fixed total input power of 0.075
W. The three robots were located in the same rectangular box filled with the
silicone oil and had the viscosity levels in the range 100 to 1,600 mPa·s. The
mechanical behavior of the motor is provided in SI Appendix, Fig. S29.

Roles of the Head and Tail on Propulsion for the Bio-Inspired Robot. To illus-
trate the roles of the head and tail in propulsive force, we located the robot in
viscous solutions, and the viscosity changed from 100 mPa·s to 1,600 mPa·s
(Movie S5). Then, the same electric power was supplied to the head or tail,
and the corresponding rotational speed and forward speed were provided
in SI Appendix, Fig. S26 with the image sequences in SI Appendix, Fig. S25.
The results indicated that both the rotational speed of the head and tail
decreased as the viscosity raised because of the increasing fluid-resisting
force. In addition, the rotational speed of the tail dropped from 58.1 rad/s
to 3.4 rad/s, because the tail was softer than the head, and it cannot resist
the increasing fluid force in viscous solutions. In comparison, the head still
rotated with 54.5 rad/s in the highly viscous (1,600 mPa·s) solution, supplying
propulsive force for the forward motion. Such trend is very similar to that of
Ray sperms and consists well with the proposed swimming model.

Moreover, the contribution of the head and tail to the propulsive force
also varied with the viscosity (SI Appendix, Fig. S26 and Movie S5). Here, we
defined the velocity ratio as the velocity driven by the head (vhead) or tail
(vtail) dividing the sum of those two velocities (vhead + vtail) to illustrate the
performance of the head and tail in different viscous solutions. The velocity
ratio of the tail was relatively high in the low-viscosity solution, indicating
that the tail played a major role in propulsion in the dilute solution. With
increasing viscosity, the velocity ratio of the tail reduced gradually and
reached 50% at ∼400 mPa·s. As the viscosity increased further, the tail was
not able to rotate freely and was not able to produce enough propulsive
force. Nevertheless, the rigid head was able to maintain its spiral shape in
viscous solutions, and its propulsive efficiency was thus higher than that of
the tail, leading to a dominating contribution to the propulsive force with
the final value of 61.2%.

Although the midpiece of the bio-inspired robot is a little larger compared
with the midpiece of the Ray sperm, it does not influence the contribution of
the head and tail on the propulsion. Because the midpiece of the robot is a
rigid regular cylinder, the drag force from the midpiece is proportional to
the moving velocity according to the textbook, as follows:
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F = 1
2
CDρU2DL, [1]

where CD = 2π
ln(2L=D)−0.72 is the drag coefficient, ρ is the density of the solution,

U is the velocity of the cylinder, D is the diameter, and L is the length. The
parameters for calculation are provided in SI Appendix, Table S15. By
substituting these values into the above equation, we obtained the drag
force from the midpiece is in the order of 10−6 N. We have also estimated
the propulsive force from the head and tail based on the resistive force
theory, which was in the order of 10−2 N, and was more than four orders of
magnitude over the drag force from the midpiece. Thus, the influence of the
midpiece was negligible.

Calculation of the Reynolds Number. The Reynolds number of the sperm and
robot was calculated by the following formula:

Re = ρvl
μ
, [2]

where ρ is the density of the liquid, v is the moving velocity of the sperm or
the robot, l is the characteristic length, and μ is the viscosity of the liquid. The
specific values of the above parameters are listed in SI Appendix, Table S10.
The characteristic length of the sperm was chosen as the total length of the
body. The characteristic length of the robot was calculated as the cube root
of its volume. Here, the rotational amplitude of the robot head and tail was
0.8 mm and 3.7 mm, respectively, and the diameter of the motor was 4 mm.
The axis lengths of the head, motor and tail were 10 mm, 16 mm, and
25 mm, respectively. Hence, the characteristic length of the robot was 10.9 mm.

Shape Analysis. The head and tail of the sperm are considered to have a helical
shape with the radius and pitch changing along with the body length. Here,
we use the WebPlotDigitizer tool to acquire the shapes of a sperm in a series
of images. Then, the extreme value of each point on the sperm on the X-Y
plane and the X-Z plane can be obtained. Based on the above measured
data, the position of each point on the y- and z- axis were fitted through the
Smoothing Spline method and interpolation method (shape-preserving
piecewise cubic hermite interpolating polynomial) in the Matlab. Then,
the position of each point on both head and tail were obtained from the
above-fitted function. The fitting results are displayed in SI Appendix, Fig.
S8. According to the fitting results, we reconstructed the 3D shape of the
sperm with the amplitude and pitch continuously changing with the body,
as shown in SI Appendix, Fig. S8.

We also conduct the 3D reconstruction based on the confocal images. The
acquired confocal image of the sperm is illustrated in SI Appendix, Fig. S2A.
Then, the red, green, blue (RGB) values of each pixel in that image are ac-
quired. After that, the image processing, including thresholding, labeling
the maximum connected domain, edge detection, and centerline calcula-
tion, is conducted for this image to get the edge of the sperm. The pro-
cessing results of each step is displayed in SI Appendix, Fig. S2 C–F. The
centerline of the sperm on the y-axis is chosen as the average of the edge.
After the acquisition of the centerline of the sperm, the height information
of this centerline can be calculated by matching the RGB value with the color
bar of the height. With the combination of the centerline and the height
data, the 3D structure of the sperm is reconstructed as shown in SI Appendix,
Fig. S2B.

To verify the reliability of the reconstruction based on the two-
dimensional (2D) image, the comparison of the reconstruction based on
the 2D image and the confocal data are conducted. The positions of the
sperm head on the X-Y plane and the X-Z plane based on the above re-
construction results are shown in SI Appendix, Fig. S9. Then, the tendency
and values of the two curves are similar, demonstrating the feasibility of the
reconstruction method based on the 2D image.

Propulsive Force Calculation.
Resistive force theory. The calculation of the propulsive force produced by the
head and tail is based on the resistive force theory. First, the cell shape,
rotational speed, and forward velocity are obtained from the videos. Then,
the cell body is segmented to enormous parts with a segment distance of 0.01
μm. For each segment on the helical head or tail, its velocity consists of two
elements, namely, the velocity vn in the normal direction and the velocity vt
in the tangential direction. Meanwhile, the force acting on this segment also
can be decomposed into two parts, namely, the normal stress fn and the
tangential resisting force ft, which are all linear to the velocity in the same
direction with the coefficient of cn and ct, respectively. Then, the infinitesi-
mal normal stress force dfn and the tangential resistive force dff acting on

each element ds of the head and tail are derived from the following
formulas:

dft = ct · vt ·ds, [3]

dfn = cn · vn ·ds, [4]

and,

ct = 2πμ
log(2q=a) − 0.5

, [5]

cn = 4πμ
log(2q=a) + 0.5

, [6]

where μ is the viscosity of the solution, q is the wavelength of the head or
tail, and a is the radius of the helical filament. Then, the infinitesimal pro-
pulsive force on each element is as follows:

dfx = dfn sinφ − dft cosφ, [7]

where φ is the pitch angle of the helix and can be calculated from:

φ = arctan
2πR
P

, [8]

and the ds is the length of the element:

ds = dx
cosφ

. [9]

After the calculation of the thrust force dfx in each differential segment
along with body, the total propulsive force of the head or tail is the integral
of the differential force, as follows:

Fx = ∫ dfx . [10]

Here, the head and tail are divided by every 0.01 μm.
The propulsive force from the head and tail is calculated by integrating the

segmented force on the head and tail, respectively. The ratio of the head on
the propulsive force is estimated by dividing the total propulsive force of the
body into the force from the head. Considering the differences on shapes and
speeds of individuals, this ratio differs accordingly.

For the backward motion, since the rotational direction of the head is
opposite, so the velocity is in the opposite direction, and the propulsive force
is hence negative.

The midpiece of the Ray sperm is considered as a cylinder that cannot
produce the propulsive force although rotating.
Regularized Stokeslet method. The regularized Stokeslet method is also used for
the calculation of the propulsion force. According to this theory, the rela-
tionship between the velocity and the force acting on the filament is as follows:

vi(x) = 1
8πμ

S«ij(x, x0)gj , [11]

where vi(x) is the velocity, μ is the viscosity of the fluid, S«ij(x, x0) is the reg-
ularized Green’s function, and gi is the force acting on the segment.

In this work, we use the cutoff function as follows:

ϕ«(x − x0) = 15«4

8π(r2 + «2)7=2, [12]

where r = ‖x − x0‖.
Then, the regularized Stokeslet is as follows:

S«ij(x, x0) = δij
r2 + 2«2

(r2 + «2)3=2 +
(xi − x0,i)(xj − x0,j)

(r2 + «2)3=2 . [13]

This regularized Green’s function S«ij only depends on the geometry of the
sperm filament and the regularized parameter «. Thus, for the given ve-
locity, the propulsive force is calculated accordingly. The regularized pa-
rameter « is chosen as a quarter of the radius of the filament.
Regression of the propulsive ratio. To compare the propulsive contributions of
the head and tail, the regression of the propulsive contribution is conducted.
In the regression analysis, the shape of the sperm is fixed, and the variables
are set as follows: the rotational speed of head (x1), rotational speed of tail (x2),
forward speed (x3), and the ratio of the contribution from the head (y). The
estimated values of the parameters in the regression are as follows: b0 = 37.84,
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b1 = 0.11, b2 = −0.16, and b3 = 0.20. According to the significance test of the
regression and the parameters of the regression (SI Appendix, Table S3), the
regression is reliable. The extreme values of the rotational speed of the head,
rotational speed of the tail, and the forward speed are [157, 24.15, 65] and
[392.5, 62.8, 222.09] based on observations. After substituting the extreme
values of the speeds, the ratio of the propulsive contribution from the head
ranges is [13.08%, 45.10%].

Data Fitting. The fitting relationship between the moving velocity and the ro-
tational speed of the head or tail of the spermwas obtained using the polynomial
method with a degree of 1 in Matlab. The function among the forward velocity
and rotational speeds of head and tail of the bio-inspired robot is fitted through
the interpolation method in the Curve Fitting application in Matlab.
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