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Scalable Jet Swimmer Driven by Pulsatile Artificial
Muscles and Soft Chamber Buckling

Wenhui Chen, Shengan Yang, Chi Zhu, Yitao Cheng, Yutong Shi, Chunpeng Yu,
and Ke Liu*

Cephalopods, such as squid and nautilus, achieve fast swimming by jetting
water swiftly from their chambers, offering benefits in swimming speed,
energy efficiency, and silent operation. Inspired by these animals, a scalable
soft robotic jet swimmer that utilizes soft chamber buckling to enable rapid
water jetting is proposed. The design incorporates three main components:
the knotted artificial muscle (KAM), an origami-inspired soft chamber, and a
custom control module. The KAM generates significant force and stroke with
minimal self-weight, but its actuation speed is insufficient for propelling
water. To address this limit, an origami-inspired soft chamber that buckles
instantly when the KAM’s pulling force reaches a critical threshold is
designed, thereby amplifying actuation speed and enabling rapid water
jetting. The control module periodically activates the KAM to tighten and
release, facilitating effective pulsatile propulsion. Similar to Cephalopods, this
design is scalable and robust. Effective swimming of two robots is
demonstrated with drastically different sizes, achieving a top speed of 0.62
body length per second. We also show that the propulsion is minimally
compromised even when the KAM is significantly damaged. To further enable
guided locomotion, a shape memory alloy rudder is incorporated for steering
via infrared stimulation. This work demonstrates successful pulsatile jet
swimming through the integration of smart materials and smart structures,
laying the groundwork for future innovations in underwater soft robotics.
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1. Introduction

The various types of locomotion of aquatic
animals[1–4] have inspired the develop-
ment of environmentally friendly under-
water robots and instruments.[5–11] Based
on their living environments and preda-
tion strategies, aquatic animals exhibit four
primary swimming modes: oscillatory, un-
dulatory, drag-based, and pulsatile. Among
these, pulsatile swimmers, including jel-
lyfish, squid, and nautilus, are known
for quietness, high swimming speed (rel-
ative to body length), and lower cost
of transport.[12–14] This exceptional perfor-
mance arises from the force generated by
their impulsive motions, which produces
significant thrust.[15–17] Recent efforts in un-
derwater robots have primarily focused on
realizing oscillatory, undulatory, and drag-
based swimming modes,[18–22] as artificial
muscles are not yet as effective as biolog-
ical muscles for pulsatile swimming.[23–28]

The major challenge is to achieve
sufficient discharge rate of water, and
current developments have mostly fo-
cused on improving the actuation speed
of artificial muscles.[29–35] Substantial ef-
forts have been made to adjust material
composition[36–38] and structure of artificial

muscles.[39–42] Yet it has been overlooked that the discharge
rate of water not only depends on the actuation speed of arti-
ficial muscles,[22,43–48] but also the structural design of the wa-
ter chamber, as shown in other related researches.[32–35] For
instance, a bistable structure releases artificial muscles’ actu-
ation force during fast state switching, enabling quick pad-
dle flapping for swimming.[21] Therefore, our approach is to
integrate intelligent design of the water chamber with ef-
ficient artificial muscles, in order to amplify the effective
discharge rate.[22,43–46,48] We design an origami-inspired soft
chamber that exhibits structural buckling under the pulling force
of artificial muscles. Such buckling leads to sudden volumetric
contraction, thereby significantly amplifies the discharge rate for
effective water jetting.[21,49,50]

Based on the aforementioned approach, we propose a pul-
satile jet swimmer that employs soft chamber buckling to am-
plify the actuation speed of knotted artificial muscles (KAMs),
thereby facilitating effective propulsion. Our design is built
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Figure 1. Design and characteristics of the bio-inspired pulsatile jet swimmer. a) The actuation mechanism of nautilus. b) Schematic of the bio-inspired
pulsatile jet swimmer. Three major components of the jet swimmer are: c) the KAM for improved underwater adaptivity and large actuation strain;
d) the soft buckling chamber for amplification of the actuation speed; and e) the on-board control module for untethered locomotion.

around three essential components: the KAMs, an origami-
inspired soft chamber, and a custom control module. The KAM is
braided from liquid crystal elastomer (LCE) fibers coated by con-
ductive fibers, providing improved underwater actuation force
and stroke that match the performance of biological muscles
(Figure 1c), exhibiting both damage tolerance and scalability.
While its actuation strain rate is inadequate to produce suffi-
cient water discharge rate, we incorporate an origami-inspired
soft chamber that buckles suddenly under the pulling of KAMs,
boosting contraction speed and promoting rapid water jetting
(Figure 1d). The custom control module powered by an onboard
battery is used to stimulate the KAMs to periodically tighten
and release (Figure 1e),[51,52] enabling untethered locomotion.
Two rubbery one-way hoses are implemented as inlet and out-
let of water to ensure unidirectional fluid flow. With these de-
signs, the scalable jet swimmer demonstrates versatile perfor-
mance: a peak speed of 0.62 body length (BL)/s when minia-
turized and over 15 cm per cycle when scaled up, with mini-
mal compromise in propulsion even KAMs are severely dam-
aged. Furthermore, to realize guided movement, a shape mem-
ory alloy (SMA) rudder is integrated for steering, which can
be activated by infrared stimulation. This study successfully

demonstrates pulsatile jet swimming by integrating smart ma-
terials and smart structures, opening up new possibilities for
designing adaptive, efficient, and quiet underwater robots capa-
ble of various missions, such as environmental monitoring and
search-and-rescue.

2. Results and Discussion

2.1. Manufacturing and Actuation Performance of the KAM

We develop KAMs that serve as the actuator for the jet swim-
mer. The manufacturing process of these KAMs is outlined
in Figure 2a. We leverage the centripetal force of a vortex to
coat a conductive layer onto 3D-printed 500 µm LCE fibers.
The conductive layer is a furry network formed by 7µm steel
fibers (Figure S1, Supporting Information). The LCE fiber un-
dergoes reversible, finite contraction with a transition temper-
ature (TNI) of 78 °C. To coat the steel fibers, a water vortex is
created using a rotating magnet at 400 rpm. A fixed weight of
steel fibers is then added into the water, where it rotates with
the vortex and adheres to the surface of the LCE fiber (Movie S1,
Supporting Information). Once the magnet stops rotating, the
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Figure 2. Manufacturing and actuation performance of the KAM. a) The manufacturing process of the KAM. The artificial muscle fibers are coated by
extra thin steel fibers using a custom device. On the right we show zoom-in photographs of the coated furry conductive layer with different densities
(scale bar is 200 µm). The fibers are then braided to form the KAM. b) The actuation strain and c) actuation strain rate of artificial muscle fibers with
different coating densities versus input power. The error bars extend to one standard deviation. d) The actuation strain and e) actuation strain rate of
the KAMs lifting a weight of 1g with different number of artificial muscle fibers in the cross section versus input power. The error bars extend to one
standard deviation. f) The actuation force of the KAMs versus time with the input power of 0.12 Wcm−1. The lines show the average values of three
samples. The dots refer to the instant temperature of the KAMs.

water is wiped away from the LCE fiber’s surface, and the
steel fibers are gently kneaded to form a network that tightly
wraps around the LCE fibers. When charged with electric cur-
rent, the furry conductive layer generates heat, causing the
LCE fiber to shrink. As we increase the coating density of the
furry conductive layer from 0.1 to 0.3 mg cm−1, both the ac-
tuation strain and strain rate of the artificial muscle fiber in-
crease under the same power input (Figure 2b,c; Movie S2,
Supporting Information). This improvement occurs because the
higher density of conductive layer leads to lower electrical re-
sistance and larger heating area (Figure S2a, Supporting In-
formation). However, further increasing the density of con-
ductive layer beyond 0.3 mg cm−1 leads to a decrease in ac-
tuation performance, which is likely due to extra mechanical
stiffness of the steel fibers. Experiments show that the den-
sity of the conductive layer does not affect the heat dissipa-

tion, and therefore, does not influence the recovery speed of
the artificial muscle fiber (Figure S2b, Supporting Informa-
tion). As a result, we choose the density of the conductive
layer to be 0.3mg cm−1. The resultant artificial muscle fiber
achieves an actuation strain of nearly 40% within one sec-
ond, given power input of 0.4W cm−1 (Figure S2c, Supporting
Information).
To scale up the actuation force, we bundle and braid the ar-

tificial muscle fiber into a square knot structure for additional
structural contraction.[53,54] By varying the amount of fibers with
a coating density of 0.3mg cm−1, we create KAMs with different
actuation performances and resistances (Figure S3a, Supporting
Information). We denote the number of artificial muscle fibers
in the cross section as n. When n increases from 2 to 6, both
the actuation strain and strain rate improve, surpassing the per-
formance of a single artificial muscle fiber. However, when n
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further increases to 8, both the actuation strain and strain rate
decrease. The decrease in actuation performance is attributed
to the thickening of the bundle and the reduced space between
the knots, which limit structural contraction during deformation
(Figure 2d,e). The number of artificial muscle fibers in the cross-
section of the KAM barely affects the heat dissipation rate. Thus,
all KAMs display slower recovery speed than a single artificial
muscle fiber (Figure S3b, Supporting Information). The actua-
tion force of the KAMs increases as the number of fibers in-
creases. Under the same power input of 0.12W cm−1, the actua-
tion force of a KAMwith n= 8 in the cross-section reaches 0.66N,
more than 12 times greater than the actuation force of a single
artificial muscle fiber (Figure 2f). The accumulated heat induced
by thicker cross section leads to such increase in actuation force
(Figure S3c, Supporting Information). We also investigate the in-
fluence of the pitch distance between the knots on the actuation
performance. When the distance between the knots are 10mm,
we achieve optimal actuation strain over 60% (Figure S3c, Movie
S3, Supporting Information). It is noteworthy that, as the KAM
tightens, the resistance of conductive layer decreases owing to
increased contact.

2.2. Underwater Actuation Performance of the KAM

Next, we explore the underwater actuation performance of the
KAM.When submerged inwater, a KAMwith n= 8 under 5g load
reaches an actuation strain of only 5% in 5s, while the same KAM
achieves an actuation strain of 47% in air with the same power in-
put (Figure S4, Supporting Information). The sharp decrease in
actuation performance is caused by the high thermal conductiv-
ity of water, which leads to rapid heat dissipation from the KAM.
For this reason, the actuation strain is improved to 35% by in-
creasing the input power from 0.73 to 1.8W cm−1 (Figure 3a,b).
However, further increases in heat input are constrained by the
material’s maximum tolerance, limiting the KAM’s actuation
strain to a maximum of 35%.
To mitigate the limitations in the underwater actuation perfor-

mance of the KAM, we introduce a gummy waterproof coating
made of uncured butyl rubber with a molecular weight of 10 000
(Figure 3b; Figure S5, Supporting Information). This gummy
coating offers four key advantages. First, its liquid state allows the
KAM to deform freely as before. Second, it does not react with wa-
ter or LCE during heating, ensuring chemical stability. Third, its
highmolecular weight and viscous texture allow the coating to ad-
here firmly to the KAM, preventing leakage of water. Fourth, the
heat dissipation coefficient of butyl rubber is significantly lower
than that of water, effectively minimizing heat loss. After adding
the waterproof coating, the KAM’s underwater actuation strain
increases to 55%, 1.6 times greater than that of the KAMwithout
the coating (Figure 3a,b; Movie S4, Supporting Information). Ad-
ditionally, the underwater durability of the KAM is significantly
improved. Without the waterproof coating, prolonged exposure
to water leads to LCE degradation and electrolysis of the conduc-
tive coating, causing the actuation to stop after approximately 675
cycles. In contrast, the waterproof KAM maintains functionality
of high actuation strain even after more than 5000 cycles of heavy
load lifting (Figure 3c; Figure S6, Movie S5,6, Supporting Infor-
mation).

We stress that the waterproof KAM exhibits a higher energy
density underwater compared to regular KAM in air (Figure 3d).
Specifically, when lifting a weight approximately 900 times its
own mass (100 g) (Figure 3e), the waterproof KAM achieves
nearly 100 J kg−1, almost double that of the regular KAM in air.
This performance even surpasses the energy density of biological
muscles.[55] In terms of power density, the waterproof KAM per-
forms similarly to biological muscles[56] (Figure 3d; Figure S7,
Supporting Information). Similar to the in-air case, we investi-
gate the influence of the number of artificial muscle fibers in
the KAM with various input power (Figure 3f). By increasing n
from 8 to 16, the actuation force increases, reaching 1.5N with
an input power of 2.5W cm−1. However, further increasing n re-
sults in a trade-off: the actuation strain, strain rate, and recovery
speed decrease to approximately 40%, 5%/s, and 3.8%/s, respec-
tively (Figure S8, Supporting Information). When n exceeds 16,
the actuation strain continues to decrease, leading to insufficient
actuation strain. To find the optimal balance between actuation
strain and force while minimizing energy input, we select the
KAM with n = 16 for actuating the jet swimmer. This choice al-
lows the KAM to be powered by a portable power source, which
is important for untethered locomotion. Furthermore, the KAM
demonstrates remarkable damage tolerance. Even under vary-
ing damage situations, the KAM retains the ability to deform.
Notably, when two bundles are completely damaged, it can still
achieve an underwater actuation strain of approximately 30%, en-
suring continued functionality of the system (Figure 3g,h; Movie
S7, Supporting Information).
Due to the unique design of the conductive layer and the ad-

dition of the waterproof coating, the KAM demonstrates leading
underwater adaptability among soft artificial muscles. Compared
to LCE- and hydrogel-based artificial muscles, our KAM exhibits
superior underwater force density and energy density. Moreover,
its excellent damage tolerance, combined with high underwater
actuation force density, energy density, and actuation strain, out-
performs that of dielectric elastomer (DE)-based artificial mus-
cles (Figure S9, Supporting Information).

2.3. Design of the Soft Chamber

Although the conductive waterproof KAMs exhibit improved un-
derwater adaptability, their actuation strain rates remain rela-
tively low. To overcome this limitation, we design an origami-
inspired soft chamber, which amplifies the KAM’s actuation
strain rate and enables rapid water jetting. As shown in the left
panel of Figure 4a, the design aims to trigger the buckling of
the soft chamber only when the KAM reaches a critical actuation
force, thereby drastically reduces its volume to discharge water.
The chamber remains undeformed until the pulling force of the
KAM reaches a critical value.
We illustrate the actuation cycle and energy storage/release

mechanism in the right panel of Figure 4a. From stage I to II,
the KAM has not yet reached the critical buckling force, and the
chamber remains almost undeformed. This corresponds to the
energy storage phase, where energy is gradually building up as
the KAM tightens. Once the actuation force of KAM exceeds a
critical threshold (stage II), it triggers a sudden inward buckling
of the chamber (stage II to III), resulting in a sharp and rapid
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Figure 3. Underwater actuation performance of the KAM. a) The actuation performance of the KAM with and without the waterproof coating under an
input power of 1.8W cm−1. The lines represent the average values of three samples. The inset sketches the process of applying the waterproof coating
to the KAM. b) Photographs of the KAM during the actuation with and without waterproof coating. c) Cyclic actuation of the KAM with and without
the waterproof coating while lifting a 5g weight. The inset illustrates the cycle setting. d) The energy density and power density of the waterproof KAM
underwater, plotted against specific weight. e) The relaxed state of the waterproof KAM hanging a 10g weight, and the actuated states of the KAM lifting
weights of 10g, 20g, 30g, 50g, and 100g. f) The actuation force of the waterproof KAMs versus input power. The error bars represent one standard
deviation. The inset shows the actuated states of different KAMs under input power of 2.2W (from left to right: n = 8, n = 12, n = 16). g) Photographs
of undamaged and damaged KAMs lifting weights. h) The actuation process of undamaged/damaged KAM.

volume reduction. This is the energy release phase, during which
the stored energy is quickly converted into propulsion of water.
Because the buckling occurs rapidly, the contraction time of the
chamber becomes much shorter than the total actuation time of
the KAM.
The fabrication and design of the soft chamber are shown in

Figures 4b and 4c, respectively. The chamber is molded using sil-
icone gel material (see Experimental Section). The chamber fea-
tures curved equator crease, defined by reduced thickness, en-
abling it to fold inward for water discharging. The geometry of
the chamber is designed with the following relationships:m = h,
n = L/(2 − h), wherem denotes the side length of the polar open-
ing, h represents the height from the equator crease to the polar
opening, and L denotes the arc length between points A and B,
separated by the triangular ridges on the chamber (Figure 4c).
To enable faster contraction of the soft chamber, the deforma-

tion of the chamber before the trigger point shall be as small as

possible, and the resistance force shall decrease rapidly after the
trigger point. To achieve this goal, we conduct finite element anal-
yses (FEA) (Figure S10, Supporting Information) to sweep differ-
ent design parameters. The details of the FEA are provided in the
Experimental Section. We adjust two structural parameters: 𝛼 =
G/L and 𝛽 = df/dc, where G is the width of the crease, df denotes
the thickness of the chamber, and dc denotes the thickness of the
crease. We find that the deformation before the trigger point de-
creases as the parameter 𝛼 decreases and 𝛽 increases. Specifically,
for L = 3cm, h/L = 1/4, and df = 3mm, the case of 𝛼 = 1/10 and
𝛽 = 1/3 results in the smallest deformation before trigger point
(Figure 4d,e). Additionally, the drop of the resistance force after
the trigger point is most significant when df = 3mm (Figure 4f,g).
In summary, the FEA have allowed us to determine the opti-

mal structural parameters for the buckling chamber: 𝛼 = 1/10,
𝛽 = 1/3, df = 3mm, and h/L = 1/4 (Figure 4h). We prepare
a set of molds by 3D printing to cast silicone gel into the
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Figure 4. Design and optimization of the soft chamber. a) Design principle the soft chamber. The response surfaces of the soft chamber and the
actuated KAM are shown in different colors. The insets show the definition of the compress distance, Δ. The right diagram illustrates how the soft
chamber buckling amplifies the actuation speed of the KAM. The red circle refers to the trigger point of buckling. b) Schematic of the fabrication process
of the soft chamber. c) Top and side views of the soft chamber. The shaded areas are the triangular ridges. d) Compression tests on the soft chamber
with different 𝛼 values. e) Compression tests of the soft chamber with different 𝛽 values. f) Compression tests of the soft chamber with different df
values. The inset shows the definition of df. g) Compression tests of the soft chamber with different h values. h) Images of the soft chamber before and
after compression in finite element simulation. i) The photographs of the compression process of origami-inspired soft chamber and spherical chamber.
j) Comparison of the compression behavior of the spherical chamber and the origami-inspired soft chamber in experiments (in air and underwater) and
in simulation. The insets show the deformations in experiments. The simulation considers solid deformation only.
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soft chamber with desired shape (Figure 4b). To ensure desired
functionality, we first conduct a comparison experiment with a
spherical chamber of the same size and wall thickness. Dur-
ing the compression process, the average compression force re-
quired for the spherical chamber is greater than that of our
origami-inspired soft chamber. Additionally, the volume change
of the spherical chamber is relatively uniform, lacking the rapid
inward buckling and volume drop characteristics seen in the
compression process of our origami-inspired chamber. As a re-
sult, the jetting speed and propulsion capability of the spheri-
cal chamber are significantly lower than those of our origami-
inspired soft chamber (Figure 4i,j). We then conduct quasi-
static compression tests on the silicone gel chamber in both air
and underwater environments. The experimental results align
well with the simulations (Figure 4j), showing that the origami-
inspired soft chamber is now ready to be implemented on the jet
swimmer.

2.4. Locomotion of the Scalable Pulsatile Jet Swimmer

Integrating the KAM with the soft chamber, we assemblei the
propulsion device for the jet swimmer (Figure 5a). A sliding rack
is added inside the soft chamber to prevent undesired deforma-
tion mode. Two one-way soft hoses are added to the two polar
openings of the chamber, which ensures unidirectional flow of
water during both the discharging and suction phases, facilitat-
ing efficient thrust generation. The one-way soft hoses are made
of 0.02mm-thick rubber membrane with one end fixed and the
other end free. Water could flow smoothly from the fixed end to
the free end, but would be automatically blocked by the free end
when flow backwards. When the KAM tightens, the soft cham-
ber are pulled from inside to contract, causing the outlet hose to
open and the inlet hose to close. Consequently, water inside the
chamber is discharged through the outlet hose to form a water jet
(Figure 5a). When the KAM releases, the soft chamber recovers
to its original shape due to its inherent elasticity. During this pro-
cess, the outlet hose closes, and the inlet hose opens, sucking in
external water from the inlet hose. Repeating this cycle enables
the jet swimmer to achieve unidirectional propulsion.
According to the literature,[12] the diameter of the hoses plays

a crucial role in the propulsion of the jet swimmer. The volume
of fluid exiting the outlet hose and entering the inlet hose can
be approximated by two columns: one with length l1 and diam-
eter d1 and another length l2 and diameter d2. The aspect ratio
of fluid columns, defined as the stroke ratio s = li/di (i = 1, 2),
determines the characteristics of the water jet, which is stable
and free of turbulence when the stroke ratio is between 1 and
4.[12] By equating the discharging volume V with the volume of
the water jet, we obtain the expression for the diameters of the
hoses (Equation 5, Supporting Information). The relationship be-
tween thrust F and the stroke ratio s is summarized by Equa-
tion S11 in the Supporting Information (Figure 5b). In order to
get V, we substitute in the relation between the discharging vol-
ume V of the soft chamber and the compression distance Δ ob-
tained from FEA (Figure 5b), along with the time duration ob-
tained from experiments as described by Equation S12 and Equa-
tion S13 in Supporting Information (Figure S11b, Supporting In-
formation). Using Equation S11 to Equation S13 in Supporting

Information, we derive the relationship of discharging volume
vs. time (Figure 5c), considering two different power sources: a
tethered commercial power supply, and a customized untethered
power supply using battery. Taking the derivative of V over time,
we obtain the flow rate V̇ as shown in Equation S11 in Support-
ing Information and find thatF and s exhibit a positivemonotonic
correlation (Figure 5d). Therefore, the best propulsion efficiency
is achieved when s = 4, with d1 and d2 determined to be approxi-
mately 1.0cm.
After determining all the design parameters of the propulsion

device, we customize a control module to power the propulsion
device. We employ constant current control, despite the fact that
the resistance of the KAM decreases during tightening. We mea-
sure the average current and equivalent voltage on a known per-
manent resistor in the detection circuit.With thesemeasured val-
ues, we calculate the resistance of the KAM and determine the
equivalent voltage. The duty cycle of the pulse-width modulation
(PWM) signal is then adjusted to change the equivalent voltage,
ensuring a steady average current (Figures S11 and S12, Support-
ing Information). Details of the circuit design are provided in the
Supporting Information. Finally, by integrating this circuit with a
portable lithium battery, we construct the custom control module
for the jet swimmer, which works as effectively as the commercial
power supplies.
Next, we investigate the proper actuation input power and

period. According to the relationship between the input power
and the volume change of soft chamber during the discharging
and suction processes, the time before trigger point shortens as
the input power increases. When the input power exceeds 3.1W
cm−1, the waterproof coating on the KAM’s surface begins to
overheat and detach. As a result, we select 3.1W cm−1 as the op-
timal input power for the jet swimmer (Figure 5c,d; Movie S8,
Supporting Information).With the input power of 3.1W cm−1, we
set the actuation period as 38s, with the power-on time T1 lasting
20s to facilitate the buckling of the soft chamber. The power-off
time T2 lasts 18s for the elastic recovery of the soft chamber.
With the above actuation parameters, the jet swimmer expe-

riences sufficient thrust during the buckling and recovery cycle
(Figure 5e), enabling effective propulsion (Figure S11c, Support-
ing Information). The thrust in experiments is calculated using
Equation S11 in Supporting Information, given an average input
power of 3.1W cm−1 (Figure 5d). We conduct numerical simula-
tion on one pulsatile cycle of the jet swimmer, considering fluid-
structure interactions. The details of simulation is provided in
the Experimental Section. The resulting thrust from the simula-
tion matches the thrust calculated using experimental data dur-
ing discharging. The discrepancy of thrust during suction is be-
cause we assume pure elastic behavior of the soft chamber in
the simulation so that the suction duration is underestimated.
The simulation verifies that both the buckling and recovery of the
soft chamber generates notable accelerations through discharg-
ing and sucking water (Figures 5e; Movie S9, Supporting Infor-
mation). The impulsive water jet is also uniform and stable, sup-
porting our choice of the stroke ratio.
Building upon the validated thrust performance and stable

actuation behavior, we further exploit the scalability of our jet
swimmer design. This scalability allows us to explore two op-
erational regimes: at smaller scales, the swimmer demonstrates
fast swimming speed; at larger scales, it achieves untethered and

Adv. Mater. 2025, 2503777 © 2025 Wiley-VCH GmbH2503777 (7 of 12)
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Figure 5. Analysis on the propulsion of the jet swimmer. a) The jetting mechanism of the propulsion device. b) The relationship between the discharging
water volume of the soft chamber and the compression distance Δ during contraction of the soft chamber. The solid line represents the fitted curve.
The inset illustrates the shape change during the contraction. c) The volume change versus time, under different power supplies. d) The relationship
between weighted thrust F and stoke ratio s, as shown in Equation S11 in Supporting Information. The shaded area is the suitable range of stoke ratio.
e) The thrust over time obtained from fluid simulation (blue line), and calculated from the experimental data (grey line). The insets show the magnitude
of velocity of the fluid around the jet swimmer at different times. f) A photograph of the down-scaled jet swimmer. g) The swimming speed of the jet
swimmer during one propulsion cycle. The insets show the states of the jet swimmer during the swimming process. h) Photographs of the deformation
process of the soft chamber driven by damaged KAM. i) The underwater deformation cycle of the soft chamber pulled by undamaged KAM and damaged
KAM.
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Figure 6. Underwater locomotion of the pulsatile jet swimmer. a) Photograph of the jet swimmer submerged in water. b) Discharging and suction
process of the jet swimmer. c) One-way traveling of the jet swimmer. The inset shows the PWM control signal over time. The formula in the inset defines
the duty cycle. d) Design of the SMA tail rudder and the steering mechanism. The insets show photographs of the tail rudder stimulated by infrared light
on both sides. e) Change in the deflection angle of the tail rudder when infrared light is applied and stopped. f) Top views of the guided swimming of
the jet swimmer. The red marks illustrate the incidences of external infrared light.

long-distance swimming performance. For instance, when the
size of the soft chamber is reduced by half, the jet swimmer
reaches a high speed of 0.62BL s−1 with 2.7W input power and
achieves 20% energy conversion efficiency (Figure 5f,g; Movie
S10, Supporting Information). In addition to scalability, the jet
swimmer also possesses robustness that is not reported in exist-
ing jet robots. Even when the KAMs are damaged, they remain

capable of reliably contracting the soft chamber (Figure 5h,i;
Figure S14 and Movie S11, Supporting Information). To further
demonstrate its practical applicability, we construct a fully un-
tethered swimmer by integrating all functional components into
a single system (Figure 6a,b). It is weighted 180g, actuated by
two 0.3g KAMs (Figure 6b,c; Movie S12, Supporting Informa-
tion). One pulsatile cycle demonstrates a propulsion distance of

Adv. Mater. 2025, 2503777 © 2025 Wiley-VCH GmbH2503777 (9 of 12)

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202503777 by Peking U
niversity H

ealth, W
iley O

nline L
ibrary on [13/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

15cm, approximately two times the body length of the swimmer.
To enable guided movement of the jet swimmer, we incorporate
a stimuli-responsive tail rudder. The rudder is made of two SMA
films exhibiting a biphasic shape memory effect, activated at a
transition temperature of 30°C (Figure 6d). When infrared light
is spotted on one side of the tail rudder, the heating effect bends
the SMAfilm to provide steering force. Once the light is removed,
the rudder returns to its original straight shape. With an external
infrared light power of 5W, the SMA film deflects by 30 degrees
within 3s and returns to its original shape within 2s once the light
if off (Figure 6e). This mechanism requires two of such films for
steering into both left and right directions. By repeatedly stimu-
lating one side of the tail rudder, the jet swimmer could make a
U-turn. As shown in Figure 6f, under guided infrared light stim-
ulation, the jet swimmer follows a trajectory close to a semicir-
cle (Figure 6f; Movie S13, Supporting Information). The current
use of infrared light aims to conceptually demonstrate the feasi-
bility of thermal steering via SMA. In practical applications, the
SMA rudder can be electrically controlled through compact on-
board circuits. Future integration with control boards and wire-
less modules (e.g., Bluetooth) would enable fully autonomous or
remotely guided navigation, supporting scalable and real-world
deployment of the system.
Compared to other robotic jet swimmers, our design uniquely

combines scalability and robustness. The use of soft artificial
muscles rather than traditional motors enables inherent scala-
bility, allowing the swimmer to adapt across various sizes and
application scenarios. Even when the KAM is severely dam-
aged, the swimmer continues to operate effectively, highlighting
its robustness – a rare yet valuable trait in soft robotics (Table
S1, Supporting Information). This scalable and robust design
expands the functional scope of soft underwater robots, offer-
ing a versatile platform for future development in bio-inspired
underwater robotics.

3. Conclusion

Inspired by natural pulsatile jet swimmers like the nautilus, we
develop a scalable robotic jet swimmer, which is featured by a soft
chamber that buckles to amplify jetting speed. Owing to the scal-
ability of the design, the jet swimmer can adapt across different
sizes, achieving a high-speed performance of 0.62BL s−1 when
miniaturized, and long-distance propulsion of 15cm/cycle when
scaled up. Notably, its propulsion performance remains largely
unaffected evenwhen the artificialmuscles are significantly dam-
aged. The jet swimmer’ propulsion is powered by a novel design
strategy, which integrates the KAM, soft chamber, and on-board
control module. The LCE-based KAM with the conductive layer
and the waterproof coating exhibits large underwater actuation
force and stroke. The origami-inspired soft chamber buckles to
amplify the KAM’s actuation strain rate and accelerate water jet-
ting. The whole system can be easily controlled by on-board con-
trol module and battery to enable untethered locomotion.
Our work demonstrates the successful integration of smart

materials and smart structures in a robotic system, offering a
promising pathway for developing efficient, adaptable, and intel-
ligent underwater soft robots. This integration has further poten-
tial to enhance control accuracy, energy efficiency, and functional-
ity, thereby expanding the robots’ capabilities for advanced under-

water functionality. Future research could involve equipping the
jet swimmer with the abilities of autonomous decision-making,
autonomous navigation, and tolerance to extreme depth, fulfill-
ing complex tasks such as coral reef monitoring and search-and-
rescue in challenging underwater environments.

4. Experimental Section
Detailed procedures are provided in the Supporting Information.
Preparation of the LCE ink: LCE ink was made by mixing (1,4-Bis-[4-(3-

acryloyloxypropyloxy) benzoyloxy]-2-methylbenzene) (RM257) (Wilshire
Technologies,95%), EDDET (Sigma-Aldrich, 95%), dipropylamine (Sigma-
Aldrich, 98%), (2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959,
Sigma-Aldrich, 98%), RhB (Sigma-Aldrich), and methylene chloride
(Sinopharm, CH2Cl2). RM257 (HWRK Chem, 8.2404g, 14mmol) was
dissolved in 50mL of dichloromethane. Then, chain extender EDDET
(2.1876g, 12mmol) and catalyst dipropylamine (0.100g, 1 mmol) were
added into the mixture dropwisely. The solution was stirred at room tem-
perature overnight. After that, a photoinitiator (Irgacure 651, Medkoo,
0.0500g, 0.2mmol) was added into the solution. Then, the mixture is left
in an oven of 100°C for 24 h to allow complete evaporation of the solvent.

3D Printing of LCE Fiber: LCE ink is loaded into a syringe, which is
thenmounted on a customized direct ink writing 3D printer. LCE fibers are
printed at a speed of 2mm s−1 at a room temperature of 25°C. The flow
rate is controlled by regulating the air pressure to 80psi. After printing, the
fibers are removed from the build plate and placed under a UV lamp with
a wavelength of 365 nm for 1h of curing.

Fabrication of LCE Fiber Covered by Conductive fur and Knotted Artificial
Muscle: We first prepare a perforated plate made by 3D printing, through
which the LCE fiber is threaded. The plate is then fixed at the bottom of
the 100mL-beaker to ensure that the LCE fiber remains continuously at the
center of the vortex (Figure 2a). Next, 80mL of water is added to the beaker
to create a water spiral. A magnet is placed in the beaker, and themagnetic
stirrer is started, set to 400rpm. Using tweezers, the quantitatively weighed
conductive fur is carefully inserted into the water spiral, where it rotates
with the spiral. The centripetal force causes the conductive fur to wrap
around the outside of the LCE fiber. After switching off themagnetic stirrer,
the LCE fiber is then pulled out of the water, dried with dust-free paper,
and forms a conductive coating. This process is repeated: the magnetic
stirrer is switched on again, the conductive fur are inserted into the spiral,
and once the stirrer is turned off, the LCE fibers are pulled out, dried, and
twisted. By repeating this process, long fibers with conductive coatings of
varying lengths can be continuously prepared. After obtaining LCE fibers
coated with conductive fur and combining them into a single strand, they
can be braided into a square knot structure to form a KAM.

Characterization of the LCE Ink: The DSC measurement is conducted
using a Discovery DSC250 instrument (TA Instruments) under a nitrogen
atmosphere. The heating and cooling processes were performed at a scan-
ning rate of 40°C min−1, spanning a temperature range from −20°C to
200°C (Figure S1, Supporting Information).

Actuation Characterization of the KAM: The actuation force of the knot-
ted artificial muscle is tested using a Universal Mechanical Testing System
(Series F, Mark-10) with a 50N load cell. By fixing the ends of the artificial
muscle and keeping it in place, the actuation force can bemeasured under
different power inputs after energizing the muscle.

A precision variable power supply (2200-50-3, ITECH) serves as the
power source for the knotted artificial muscle bundles. Position and actu-
ation are tracked using digital video or time-lapse photography with MAT-
LAB. The temperature change during the actuation process is measured
with an infrared thermal camera (PS400, GUIDE INFRARED). The water
temperature during the shallow water actuation experiments is 18°C.

Fabrication of Origami-Inspired Soft Chamber: The molds for the
origami-inspired soft chamber and dog-bone samples are prepared by 3D
printing with polylactic acid (PLA) filament. First, we mix Ecoflex 00-20
elastomer (Smooth-On Inc.) in a 1:1 mass ratio, and remove air bub-
bles using a vacuum pump. Then, we pour the elastomer mixture into
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the molds. After 8 h of curing, the molds are removed to obtain the
final sample.

Material Characterization of the Soft Chamber: The dog-bone-shaped
elastomer samples are stretched using the Universal Mechanical Testing
System at a speed of 10mm/min to determine theirmechanical properties.

Fabrication of the Control Module: The control module consists of a
custom-designed circuit board, a lithium battery, and ballast. The circuit
board was specifically designed by our team, with the design principles de-
tailed in the Supporting Information. The custom lithium battery provides
a stable output voltage of 14.8V and a capacity of 330mAh, which is suffi-
cient to power the jet swimmer for over 10 min of continuous operation,
allowing it to swim a total distance of more than 5m without noticeable
degradation in performance. The ballasts are compact stainless steel balls.

Numerical Simulations: To optimize the shape parameters of the
origami-inspired soft chamber, we conduct parametric FEA simulation
studies. These simulations are carried out using the commercial FEA
software Abaqus with the Abaqus/Standard solver. Geometric models of
the chambers, created in Rhino, are imported into Abaqus CAE as STEP
files and meshed using solid quadratic tetrahedral elements (C3D10). The
elastomer is modeled as a hyperelastic isotropic material using the Yeoh
model, and the mechanical properties are defined based on tensile test
results from dog-boneshaped elastomer samples.

In addition to the FEA simulations, we employ the Immersed Boundary
Method (IBM) for numerical simulation of fluid-structure interactions.[57]

The fluid-structure coupling is modeled using a one-way coupling ap-
proach: the structure’s kinematics are prescribed based on the simulated
buckling deformation of the soft chamber, while the fluid flow is simulated
in response. The computational domain is set at 10cm x 8cm x 30cm with
a grid resolution of 100 x 80 x 300, resulting in approximately 2.4 million
grid points. Time-stepping is implemented with a step size of 0.008 s dur-
ing the contraction phase and 0.004s during the relaxation phase to ensure
proper resolution of the transient dynamics.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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