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Abstract: Bioinspired robotic fish can provide compliant, low-noise underwater locomotion, but compact shape memory alloy
(SMA)-driven designs often suffer from slow response and poor fatigue life. We propose a grass-carp-inspired pectoral—caudal-fin
(PCF) soft robot to realize body caudal-fin (BCF) and median paired-fin (MPF) multimodal swimming and specifically improve
SMA performance via embedded thermal management. The robot integrates an SMA spring caudal-fin actuator and a large-strain
SMA pectoral-fin actuator within a watertight compliant body and adopts a sealed-cavity liquid-cooling scheme. Experiments
show markedly enhanced actuation bandwidth and durability, enabling stable multimodal locomotion with a 45.67 mm/s peak
speed and 9.12 (°)/s peak turning rate, plus ultrasonic-based obstacle avoidance at 20 cm. The results suggest a compact pathway
to resilient, versatile underwater soft robots for long-duration operation in cluttered environments.

Key words: Underwater soft robot; Bionic robot; Shape memory alloy (SMA); Pectoral-caudal-fin (PCF) coordination; Passive

liquid thermal management; Multimodal locomotion

1 Introduction

Underwater robots are of growing importance
for inspection (Nauert and Kampmann, 2023; Liu RN
et al., 2025), monitoring (Chutia et al., 2017), and
exploration (Xanthidis et al., 2022; Huang et al., 2026)
in confined or fragile aquatic environments where
safety, compliance, and efficiency are critical (Sahoo
et al., 2024). Compared with conventional rigid-bodied
robots, soft robots offer superior compliance and adapt-
ability, enabling safer physical interaction (Mao et al.,
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2025; Peng et al., 2025, 2026), enhanced environ-
mental compatibility, and robust locomotion (Liu X
et al., 2025) in unstructured or confined environments.
Among them, robotic fish are attractive because fish-
like morphologies and fin-driven propulsion can de-
liver low-noise, high-maneuverability locomotion com-
pared with propeller-based systems (Ding et al., 2024;
Varnousfaderani et al., 2025; Li et al., 2026). However,
achieving both efficient cruising and agile maneuver-
ing typically requires coordinated use of body caudal-
fin (BCF) (Sfakiotakis et al., 1999) and median paired-
fin (MPF) (Cui et al., 2023) propulsion, which remains
challenging under tight constraints on actuation volume,
sealing, and onboard integration. Consequently, current
research increasingly targets soft (Li et al., 2022; Ding
et al., 2024; Sheng et al., 2025) and smart-material
(Liu et al., 2024; Wang et al., 2026) actuation strate-
gies that can provide multimodal swimming while
preserving compactness and mechanical compliance.
This trend motivates a closer examination of how ac-
tuator thermal dynamics, structural compliance, and
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fin coordination jointly limit the performance enve-
lope of fish-like robots.

Fish-inspired robots have received increasing re-
search interest. Marchese et al. (2014) proposed a bio-
mimetic robotic fish actuated by gas-driven soft elas-
tomer actuators, in which BCF propulsion was achieved
through fluidic elastomer actuators that generated tail
bending and oscillatory motion. Building on this de-
sign, Katzschmann et al. (2018) introduced a hydrauli-
cally driven system that produced tail oscillation by
alternately injecting liquid into chambers on both sides
of the tail. The communication modules were also in-
tegrated to enable remote control with minimal distur-
bance to natural organisms. Van den Berg (2019) de-
veloped a cable-driven biomimetic robotic fish using
BCF propulsion via the caudal fin and pectoral fins
for balance, where a single motor-driven gear system
actuated cables to produce tail motion. Pfeil et al.
(2020) presented a soft biomimetic robotic fish based
on dielectric elastomer actuators (DEAs), employing a
multilayer stacked configuration to increase maximum
tail deflection and improve propulsion efficiency and
locomotion agility. Li et al. (2021) developed an unte-
thered soft robotic fish for deep-sea exploration that
utilized MPF propulsion and an integrated pressure-
adaptive structure by embedding electronic compo-
nents within a flexible silicone matrix. Despite these
advances, most existing studies focus primarily on the
mechanical design of flexible bodies or caudal fins,
while pectoral fins are often implemented as fixed
structures for passive balance. This simplification lim-
its the reproduction of the complex kinematics of real
fish pectoral fins and restricts underwater locomotion
modes. In contrast, biological fish rely on coordinated
fin motions, with pectoral fins contributing to thrust
generation, posture regulation, vertical maneuvering,
and turning. Therefore, developing a biomimetic ro-
botic fish capable of coordinated control between pec-
toral fins and the caudal fin would enable more real-
istic fish-like locomotion and improved biological
compatibility.

In this paper, we present a grass-carp-inspired
pectoral—caudal-fin (PCF) robot that combines BCF and
MPF propulsion through a pectoral-fin shape memory
alloy (SMA) large-strain actuator and a caudal-fin SMA
spring actuator integrated with a compliant, watertight
body. To enhance thermal recovery and fatigue behav-
ior, we implement a sealed-cavity liquid-cooling scheme

inside the soft body and further integrate onboard con-
trol, wireless operation, and a forward-mounted ultra-
sonic sensor for autonomous obstacle avoidance. Ex-
periments demonstrate that liquid cooling substantially
improves response speed and durability, enabling stable
multimodal locomotion with improved single-mode per-
formance and reliable underwater obstacle avoidance.

The contributions of this study are threefold. A
biomimetic SMA actuation scheme is proposed for the
pectoral and caudal fins to improve response speed and
durability. A grass-carp-inspired PCF robotic fish is
designed based on coordinated BCF-MPF propulsion to
enrich locomotion modes and enhance swimming per-
formance. A novel passive thermal management strat-
egy based on a sealed-cavity vegetable-oil cooling sys-
tem is further developed to accelerate heat dissipation,
improve fatigue resistance, and ensure stable long-term
actuation.

2 Bioinspired design

Bionic underwater robots are commonly designed
by drawing inspiration from both biological morphol-
ogy and locomotion mechanisms. Fish morphology is
closely coupled with locomotion strategies and has
evolved to achieve efficient force generation and ma-
neuverability (Peng et al., 2024). Among aquatic ani-
mals, fish with fusiform body shapes, such as grass
carp, exhibit highly efficient swimming performance
and predominantly employ BCF propulsion. Motivated
by these characteristics, this study adopts a hybrid pro-
pulsion strategy that combines BCF-based caudal pro-
pulsion with MPF-assisted maneuvering (Lin et al.,
2023).

2.1 Morphological analysis of fish

The proposed robot integrates caudal fin-dominated
propulsion with pectoral fin-assisted control, with par-
ticular emphasis on the driving structures of the pecto-
ral fins and the caudal fin. The robot adopts a modu-
lar architecture consisting of a head module, a body
module, and a tail module (Fig. 1). The head and body
modules are fabricated as rigid, watertight shells using
polylactic acid (PLA) and material via 3D printing.
Their streamlined external geometries follow fish-
inspired hydrodynamic profiles, while the elliptical cross-
section of the body module reduces hydrodynamic



drag and improves propulsion efficiency. These mod-
ules primarily accommodate the control system and
provide mounting interfaces for the pectoral fins. The
tail module integrates the actuator assembly and the
caudal fin, serving as the primary source of propulsive
force. A symmetric antagonistic configuration based
on SMA actuators is employed to exploit the one-way
shape memory effect and enable bidirectional bending
through controlled thermal excitation. Heterogeneous
elastomeric elements are introduced between adjacent
actuator groups to store elastic energy during defor-
mation and assist actuator recovery, thereby improv-
ing the dynamic response. Within this configuration,
the caudal fin provides the dominant forward thrust,
while the pectoral fins generate auxiliary thrust and
maneuvering forces.

2.2 Design of the pectoral fin

A typical fish pectoral fin consists of fin rays and
an interconnecting fin membrane. Fin rays provide
structural support with coupled stiffness and compli-
ance, while the fin membrane ensures coordinated de-
formation and enhances hydrodynamic interaction with
the surrounding fluid. Based on these principles, the bio-
mimetic pectoral fin in this study is constructed using
a 0.3 mm thick transparent polymethyl methacrylate
(PMMA) plate as the structural substrate. Large-strain
SMA actuators are symmetrically arranged on both
sides of the substrate to form an antagonistic actuation
mechanism. Activation of the SMA actuator on one
side induces bending of the substrate and stretching of
the opposing actuator, enabling reciprocating flapping
motion (Fig. 1b). To improve the force distribution and
robustness, each SMA actuator adopts a fin-ray-inspired
distributed configuration. A single SMA wire is routed
repeatedly between fixed endpoints to form multiple
short SMA segments, resulting in more uniform actua-
tion along the fin surface and enhanced fault tolerance.
Through this biomimetic design, the pectoral fin effec-
tively reproduces the deformation characteristics of nat-
ural fins and provides reliable auxiliary propulsion for
the underwater robot. A detailed design is provided in
Section S1 of the electronic supplementary materials
(ESM).

2.3 Design of the caudal fin

Kinematic studies show that grass carp gener-
ate propulsive force mainly through periodic lateral
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Fig. 1 Bioinspired design: (a) head and body modules;
(b) pectoral-fin module; (c) tail module; (d) fabrication process
of the bellows-like membrane; (e) fabrication process of the
biomimetic pectoral fin

oscillations of the posterior one-half to one-third of the
body, while the anterior region remains relatively rigid
to reduce drag (Cao et al., 2022). The flexible biomimetic
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caudal-fin design is shown in Fig. 1c. An AB adhe-
sive sealing plate serves as the structural interface
between the elastomeric tail and the internal control
module. A bellows-like membrane is bonded to the
sealing plate using silicone sealant, forming a sealed
cavity. The flexible tail includes a compliant elastomer
body and a connector, which provide load-bearing sup-
port for SMA spring actuators. The connector uses
semicylindrical pins and limit holes, while the elasto-
mer is precision-cast from AB adhesive. After fabri-
cation, SMA springs are prestretched at ambient tem-
perature, routed through the connector, and electri-
cally connected at the proximal end. The bellows-like
membrane accommodates large-amplitude bending,
maintains sealing under cyclic motion, and provides
enclosed space for the cooling medium, ensuring op-
erational reliability in aquatic environments. A de-
tailed design is provided in Section S1 of the ESM.

3 Manufacturing and thermal management
strategy

3.1 Bellows-like membrane and waterproof interface

As shown in Fig. 1d, a bellows-like membrane
was introduced as the primary deformable waterproof
interface of the robot. The membrane was fabricated
by a mold-assisted multilayer casting strategy to pro-
vide both compliance and sealing reliability under cy-
clic deformation. Different local thicknesses were ad-
opted in the pectoral-fin and caudal-fin regions accord-
ing to their distinct deformation demands. In the final
system, the membrane not only isolated the internal
components from the surrounding water but also formed
a sealed cavity for actuator encapsulation and cooling-
medium retention. Detailed fabrication conditions and
postprocessing procedures are provided in Section S2
of the ESM.

3.2 Actuator materials and structural integration

The pectoral and caudal actuators were designed
using different SMA configurations to match their re-
spective functional requirements. As illustrated in
Fig. le, the pectoral fin employed antagonistically ar-
ranged large-strain SMA wires mounted on a 0.3 mm
PMMA substrate to achieve lightweight reciprocating
flapping. In contrast, the caudal actuator, whose fabrica-
tion route is summarized in Figs. 2a and 2b, employed

antagonistic SMA springs embedded in a compliant
elastomeric tail to generate a larger bending amplitude
and higher output force. These material and structural
choices were made to balance stiffness, compliance,
elastic recovery, structural stability, and underwater du-
rability. Both actuator modules were further packaged
as sealed compliant structures so that the passive liquid-
cooling medium could be retained within the internal
cavity. The structural implementation of the liquid-
cooling strategy is therefore embedded directly into the
actuator architecture, whereas its thermal effect is ex-
perimentally evaluated in Fig. 4. Detailed fabrication,
wiring, sealing, and coolant-filling procedures are pro-
vided in Section S2 of the ESM.

3.3 Fabrication of rigid components

The rigid head/body shell houses the control elec-
tronics, ultrasonic sensor, and fin-mounting interfaces.
As shown in Fig. 2c, the body geometry accommodates
the pectoral-fin module at the head—body transition
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Fig. 2 Fabrication of the robot tail part and assembly: (a)
tail soft-body fabrication process; (b) caudal-fin fabrication
process; (c) photograph of the assembled robot



while providing a stable mechanical connection to the
caudal section. All rigid components were fabricated
via 3D modeling followed by monolithic 3D printing,
ensuring geometric consistency and facilitating modu-
lar integration of the control enclosure. This approach
also reduces assembly complexity and improves struc-
tural integrity. Additional fabrication details, including
material specifications and printing parameters, are pro-
vided in Section S2 of the ESM.

3.4 Assembly process of the PCF robot

The structural assembly of the PCF robot follows
a modular design philosophy, in which individual func-
tional units are mechanically connected using M2
screws to ensure reliable and repeatable assembly. A
photograph of the fully assembled robot is shown in
Fig. 2c. From a geometric perspective, the robot has
an overall length of (386+0.5) mm, consisting of a
201 mm body module, a 130 mm biomimetic caudal
section, and a 55 mm caudal fin. The total width of
the robot is (218+0.5) mm, where the main body ac-
counts for 58 mm and each pectoral fin extends to a
span of 80 mm on either side. In terms of mass distri-
bution, the total weight of the robot is (721+5) g. The
body module, including the integrated control system,
weighs 436 g, the combined mass of the bilateral pec-
toral fins is 74 g, and the biomimetic caudal section ac-
counts for 211 g. A dual-fixation strategy is employed
at both the ultrasonic sensor mounting location and
the pectoral-fin interfaces. Kafuter K-704N silicone
sealant is applied to reinforce mechanical connections
while simultaneously providing effective waterproof
sealing and enhanced vibration resistance. Detailed as-
sembly workflow, fixation strategy, and sealing imple-
mentation are provided in Section S2 of the ESM.

4 Control system
4.1 Hardware architecture of the control system

The control system of the proposed soft robot is
composed of several core hardware components, in-
cluding the power supply units, a central control board,
a constant-voltage—constant-current regulation module,
a Bluetooth communication module, relays, and an ul-
trasonic sensor. In terms of power configuration, a dual-
voltage supply scheme is adopted to accommodate the
heterogeneous electrical requirements of different

J Zhejiang Univ-Sci A | 5

subsystems. Specifically, the SMA actuators are pow-
ered by a 12 V lithium battery to meet their relatively
high driving voltage demand, while the control board
and auxiliary electronic components are supplied by a
separate 5 V lithium battery. A block diagram of the
hardware architecture is presented in Fig. 3a.

4.2 Software design of the control system

The software design of the robot control system
extends beyond basic swimming commands by inte-
grating ultrasonic sensing to enable autonomous obsta-
cle avoidance in underwater environments (Pan et al.,
2025). Compared with 2D LiDAR and depth camera
fusion, ultrasonic sensing enables simpler, lower-power,
and more robust obstacle avoidance in low-visibility
environments (Fan et al., 2024). Switching between dif-
ferent swimming modes is primarily achieved through
a Bluetooth connection established between the robot
and an upper-level host computer. Once connected, the
host computer transmits control commands that are in-
terpreted by the onboard controller. The core control
logic is implemented on the Arduino microcontroller,
which regulates the on-off states of six relays to con-
trol the activation of the SMA actuators, thereby en-
abling multimodal locomotion of the robot. Specifically,
the first and second relays are responsible for control-
ling the left and right oscillatory motions of the cau-
dal fin, respectively. The third and fifth relays actuate
the downward bending and flapping of the left and right
pectoral fins, while the fourth and sixth relays control
the upward bending motions of the corresponding pec-
toral fins.

During straight-line cruising, the primary source
of propulsion is the oscillatory motion of the biomi-
metic caudal fin. Consequently, straight swimming can
be achieved by alternately activating the first and sec-
ond relays with equal on-off durations, which gener-
ates symmetric left-right tail oscillations and produces
forward thrust.

Turning maneuvers are realized using two differ-
ent motion strategies. In the first strategy, turning is
accomplished solely through asymmetric oscillation of
the caudal fin, referred to as single-tail-fin turning. For
example, during a left turn, the relay controlling the
left-side SMA actuator and the relay controlling the
right-side SMA actuator are driven with asymmetric
heating sequences, as shown in Fig. 3b. A right turn
can be achieved by reversing the heating sequence of
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Fig. 3 Control system: (a) system architecture of the liquid-cooled SMA bionic fish. The onboard microcontroller unit
receives commands from a Bluetooth module and drives a relay to switch the high-power heating path; (b) single-tail-fin
turning via asymmetric caudal-fin oscillation (Z, is the working current); (c) composite turning via caudal-fin oscillation

and pectoral-fin flapping

these two relays. In the second strategy, turning is
realized through a composite motion that combines
caudal-fin oscillation with coordinated pectoral-fin flap-
ping. During a right turn, for instance, the relays con-
trolling the left pectoral fin are alternately driven at the
same frequency to generate asymmetric hydrodynamic
forces, as illustrated in Fig. 3¢, thereby enhancing turn-
ing efficiency and maneuverability.

During autonomous cruising, upon receiving a
command from the upper-level host computer via
Bluetooth, the control system executes a predefined
sequence: all relays switch off, followed by a 0.1 s
delay, and then the robot enters autonomous obstacle
avoidance mode. In this mode, an ultrasonic sensor
continuously monitors forward distance. When the
distance exceeds 20 cm, the robot cruises straight;
when below 20 cm, it performs a left turn using the
caudal fin to avoid the obstacle. The host computer
can issue new commands at any time, and the control
system prioritizes them by immediately interrupting the
current behavior and reconfiguring the relay signals

accordingly. This simplified strategy aims to validate the
perception—decision—actuation closed loop on an SMA-
driven soft robot. Due to size and power constraints,
only a single forward-facing sensor is integrated; thus,
lateral obstacle distribution cannot be perceived. The
left-turn default is chosen based on experimentally
validated turning performance, which is approximately
symmetric to right turning.

5 Results and discussion
5.1 Thermal management of the actuator

SMA actuator contraction is driven by Joule heat-
ing, and ambient temperature directly affects the re-
sponse rate, making thermal management essential.
Cooling strategies fall into two types: passive liquid-
assisted and forced cooling. Given the robot’s minia-
turization and lightweight requirements, passive liquid-
assisted cooling was selected to avoid added complexity



and mass. To evaluate different cooling media, heating
elements were energized for 0.5 s and then passively
cooled. Fluorocarbon compounds resulted in steady-
state temperatures above 80 °C, exceeding the SMA
transformation range (Fig. 4a). Deionized water was
cooled below 50 °C, preventing reliable actuation.
Vegetable oil offered the best balance: moderate cool-
ing keeps the SMA within its effective range, low dy-
namic viscosity (0.032 Pa-s) minimally resists mo-
tion, and good thermal stability supports long-term
operation. MATLAB simulations (Fig. 4b) show that
with 1 s heating, the oil temperature rises by about
9 °C and reaches thermal equilibrium at 32.7 °C within
0.15 s after heating stops. The NiTi SMA wires have
an austenite finish temperature of about 32 °C, en-
abling effective actuation under this cooling scheme.

To experimentally validate the effectiveness of the
selected cooling medium, a fatigue performance test
was conducted on the biomimetic fish tail. The experi-
mental platform, illustrated in Fig. 4c, was constructed
around an Arduino NANO control board connected to
a relay module and an MAX6675 K-type thermocou-
ple module. The controller was programmed with a
single-sided heating duration of 0.7 s. The relay out-
put was connected to the power supply and the biomi-
metic fish tail to form a complete electrical circuit,
with the power supply providing an output of 10.4 V
and 2.4 A. The thermocouple module was connected
to a K-type probe that was positioned at a designated
location inside the fish tail during the experiment. Data
acquisition was carried out using the built-in serial plot-
ter of the Arduino platform.

Without a cooling medium, the biomimetic fish tail
shows good initial performance (Figs. 4d and 4e): the
first swing reaches a 23° angle in just 0.3 s. However,
the performance rapidly degrades with continued actua-
tion. The reverse swing slows to 0.4 s with a 20° angle.
By the third cycle, the swing angle drops to 11° (a 52.2%
reduction), and by the fourth cycle, it drops to 8° (65.2%
degradation). These results highlight that heat accu-
mulation severely limits fatigue performance and re-
peatability in the absence of thermal management.

Fig. 4f shows the fatigue performance of the
biomimetic fish tail after adding a cooling medium.
To assess its effect, the tail was divided axially into
three regions: proximal (A), mid (B), and distal (C),
with independent temperature monitoring (Fig. 4g).
Region C, being spatially constrained, shows the lowest
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convective heat transfer efficiency and the steepest tem-
perature rise (0.02977 °C/s). Region B benefits from a
sufficient cooling medium and favorable flow, exhibit-
ing a moderate rise rate (0.01276 °C/s). Region A, with
a shorter SMA length and abundant cooling medium,
achieves the best thermal management (0.00496 °C/s).

The relationship between the oscillation ampli-
tude of the fish tail and the time during the first and
last 4 s of a 4 min continuous operation is shown in
Fig. 4h. The results reveal that within the initial 4 s,
the maximum swing angle of the second oscillation
cycle increases by 50% compared to the first cycle,
which can be attributed to the stabilization of the SMA
operating temperature within an effective transforma-
tion range during early cycles. More importantly, even
after 4 min of continuous operation, the system main-
tains stable actuation performance, with the maximum
swing angle remaining at (6+1)° and the response time
stabilized at (0.50+0.02) s. Collectively, these experi-
mental results demonstrate that the cooling medium
significantly enhances actuation stability and fatigue
resistance during long-term operation.

Fig. 4i presents the time—angle profiles of the
pectoral fins under various current excitations. Below
2.4 A, the response is notably sluggish, with a signifi-
cant increase in the time to reach the maximum de-
flection angle. Above 2.4 A, no further improvement in
actuation performance or maximum angle is observed.
Thus, 2.4 A is identified as the optimal excitation cur-
rent. Although this threshold was determined from tests
in air, its validity underwater is supported by the thermal
buffering effect of the sealed vegetable-oil cavity and
dedicated underwater validation tests (see Section S3
of the ESM for quantitative comparisons).

Fig. 4j illustrates the response characteristics of
the biomimetic fish tail in terms of swing angle and
angular velocity under different input current condi-
tions. To shorten the cooling interval between tests and
improve the experimental efficiency, the tail actuator
filled with the cooling medium was tested in an air en-
vironment. This test was conducted in air to isolate the
intrinsic current—actuation relationship of the SMA ac-
tuator while excluding the influence of external hydro-
dynamic damping. A constant-voltage, variable-current
driving strategy was adopted, with the driving voltage
fixed at 10.4 V. In each case, the current was maintained
until the fish tail reached a steady-state maximum swing
amplitude.
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The results clearly indicate that increasing the
input current gradually raises the maximum bending
angle and angular velocity of the biomimetic fish tail.
Below 2.4 A, the response is sluggish, and the tail fails
to reach its maximum bending angle quickly. Above
2.4 A, while the swing angle continues to increase, the
angular velocity shows little improvement. Thus, an ef-
fective current threshold exists at approximately 2.4 A,
beyond which the additional current mainly enhances
the deformation amplitude rather than the response
speed. These component-level results provide qualita-
tive support for the physical plausibility of our simpli-
fied models, as the observed trends align with expected
analytical descriptions. However, due to the lack of in-
dependent parameter identification or quantitative error
analysis, these results should not be interpreted as a
formal validation of model predictions.

5.2 Basic locomotion modes

Fig. 5a illustrates the indoor underwater experi-
mental platform used to evaluate the robot prototype.
The platform consists of an upper-level control termi-
nal, a video recording device, a support frame, the PCF
robot, a stainless-steel ruler for scale reference, and a
water tank. Both the control terminal and the record-
ing device were implemented using smartphones. The
water tank was fabricated from 0.8 cm thick acrylic
plates and had overall dimensions of 80 cm in length,
60 cm in width, and 40 cm in height, with a water
depth of 25 cm during experiments. In each test, video
recording was initiated first, after which motion com-
mands were transmitted to the PCF robot via the con-
trol terminal.

Both the pectoral and caudal fins of the biomi-
metic soft robot serve as actuators during locomotion
but exhibit distinct driving characteristics due to dif-
ferent internal SMA configurations. Underwater per-
formance experiments were conducted separately for
each actuator type. Based on force-output saturation
tests (Section S4 of the ESM), the optimal driving cur-
rent was determined to be 2.4 A. For straight-line cruis-
ing, heating durations between 0.2 and 1.2 s were tested
with a fixed cooling time of 0.1 s; a heating duration
of 0.4 s achieved a maximum swimming speed of
45.67 mm/s at a stable output frequency of 1 Hz. For
turning maneuvers, a heating duration of 0.8 s yielded
a minimum turning radius of 19 cm and a maximum
angular velocity of 8.86 (°)/s. The 0.1 s cooling time
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was selected based on thermal and fatigue analyses,
which confirmed stable operation for over 200 cycles
with an amplitude decay below 10%.

In the present design, straight-line cruising of the
PCF robot can be achieved independently by either
of the two biomimetic actuators. In Fig. 5b, the tail—-
straight mode shows the underwater straight-line cruis-
ing behavior of the robot driven solely by the caudal
fin at a heating frequency of 1 Hz. The results indi-
cate that slight asymmetry in the maximum left and
right swing angles of the tail leads to a deviation from
an ideal straight trajectory. After 4 s of continuous cruis-
ing, the yaw angle reaches approximately 3°, indicating
a minor but observable heading deviation. The pectoral—
straight mode (Fig. 5b) presents the straight-line cruis-
ing process driven by a pair of pectoral fins at the same
frequency of 1 Hz. Due to imperfections introduced
during the fabrication process, the thrust generated by
the two pectoral fins is not perfectly balanced, caus-
ing the robot to gradually deviate from the central
straight line. After 8 s of continuous motion, the yaw
angle increases to approximately 15°, demonstrating
a more pronounced deviation than that observed in
the caudal-fin-driven case.

Turning is a fundamental locomotion mode for
underwater robots, achievable via pectoral fins, the
caudal fin, or coordinated control. Observations of fish
behavior show that pectoral fins play an auxiliary role,
while asymmetric caudal-fin oscillation provides the
primary turning torque. In caudal-fin-driven turning, full
contraction of one SMA actuator bends the tail into a
“C” shape, while partial contraction of the opposite side
keeps the tail nearly collinear with the body during
recovery (e.g., left turn: left SMA fully contracts and
right partially; right turn: opposite). Fig. 5b illustrates
this left-turn maneuver. Pectoral-fin turning, in contrast,
uses reciprocal flapping of a single fin to generate thrust
in the opposite direction, inducing body rotation: a right
turn is achieved by actuating the left pectoral fin and
vice versa, as shown in Fig. 5b (pectoral-turning mode).

Fig. 5c presents the swimming speed of the robot
under different heating sequences. The results reveal a
clear trend in which swimming speed increases with
increasing heating frequency. When the heating fre-
quency reaches 1 Hz, corresponding to a heating time
of 0.4 s, the robot attains its maximum swimming
speed. Under these conditions, the pectoral-fin-driven
speed reaches 11.25 mm/s, while the caudal-fin-driven
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speed reaches 45.67 mm/s. However, as the heating
duration continues to increase and the frequency de-
creases, the swimming speed exhibits a negative cor-
relation with the heating time. Although longer heat-
ing allows the caudal fin to reach its maximum swing
angle, the required recovery time also increases, which
effectively reduces the oscillation frequency and leads
to a lower average swimming speed. Conversely, when
the heating time is too short and the frequency is ex-
cessively high, the SMA does not complete its phase
transformation, resulting in insufficient tail deflection
and reduced swimming speed. These observations in-
dicate that the optimal heating time for both the pecto-
ral fins and the caudal fin is 0.4 s, corresponding to a
frequency of 1 Hz.

Fig. 5d presents the turning performance under
various heating sequences, confirming consistent actu-
ation principles for both pectoral- and caudal-fin driv-
ing. The caudal fin, with its large-amplitude oscillation,
achieves a smaller turning radius, whereas the pectoral-
fin turning resembles rotation about a fixed axis on the
non-actuated side but generates lower thrust. For a 90°
rotation, pectoral-fin actuation yields a significantly
lower angular velocity than caudal-fin actuation. Ex-
cessive heating keeps the actuator energized beyond
its maximum swing angle, causing the robot to move
tangentially along the oscillation arc, which increases
the turning radius and reduces the angular velocity. In
the current design, the optimal heating time is 0.4 s for
straight-line motion (max swimming speed: 45.67 mm/s)
and 0.8 s for turning (max angular velocity: 9.12 (°)/s).

Under the optimal straight-line actuation condi-
tion (1 Hz, 0.4 s heating), the PCF robot achieves a
maximum swimming speed of 45.67 mm/s, correspond-
ing to a normalized speed of 0.118 body lengths per
second (BL/s). The Reynolds number is calculated as:

Re= pLUju =1.76 x 10*,

where p is the density of water (1000 kg/m?), L is the
characteristic length taken as the overall length of the
robot (0.386 m), U is the swimming speed (0.04567 m/s),
and x is the dynamic viscosity of water (1.0x 10~ Pa-s).
This Reynolds number confirms flow conditions typical
of fish swimming and indicates an inertia-dominated
flow regime relevant to fish-like cruising. Therefore,
the main thrust is primarily generated by momentum
transfer associated with caudal-fin oscillation rather than
by overcoming viscous shear. The Strouhal number,
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defined as St=f4/U, is found to be 0.31 (with oscilla-
tion frequency =1 Hz, oscillation amplitude 4~0.14 m,
and swimming speed U=0.04567 m/s), which falls
within the optimal range reported for efficient aquatic
locomotion (Triantafyllou et al., 1991). This suggests
that the kinematic relationship among oscillation fre-
quency, tail amplitude, and forward speed is hydrody-
namically reasonable for efficient thrust production.

From the viewpoint of thrust generation, the cau-
dal fin provides the dominant propulsive force, whereas
the pectoral fins contribute auxiliary thrust and stabiliz-
ing moments. When the pectoral fins and caudal fin are
actuated coordinately, the overall locomotion perfor-
mance is improved through thrust superposition, wake
interaction, and yaw-moment enhancement. This inter-
pretation is consistent with the experimental observa-
tion that the multimode mode increased the swimming
speed from 45.67 to 51.33 mm/s while also reducing
the turning radius from 19 to 15 cm and increasing the
angular velocity from 8.86 to 10.20 (°)/s. Moreover, the
liquid-cooling strategy indirectly improves locomotion
efficiency by maintaining stable oscillation amplitude
and thus stable thrust output over long-duration opera-
tion. Without cooling, the tail swing angle decayed rap-
idly from 23° to 8° within four cycles, whereas with
vegetable-oil cooling, the robot maintained stable ac-
tuation over more than 200 cycles.

5.3 Multimode locomotion

Fig. Se demonstrates multimode composite motion
via coordinated pectoral- and caudal-fin control, achiev-
ing a normalized swimming speed of 0.133 BL/s. The
motion sequence includes straight-line cruising (1 BL
in 10 s), acceleration (second BL in 6 s), a 20° coordi-
nated turn (2 s), and a 40° caudal-fin-only turn (6 s),
resulting in smooth and continuous locomotion. As
shown in Fig. 5f, an ultrasonic sensor enables autono-
mous obstacle avoidance with a detection threshold of
20 cm based on the robot’s minimum turning radius.
When the distance exceeds 20 cm, the robot cruises
straight; below 20 cm, it initiates continuous left turns
until the path is clear. Experimental results confirm fast
avoidance, no collisions, and rapid recovery to straight-
line motion after clearing the obstacle.

The complex underwater environment demands
high biocompatibility. Equipped with an ultrasonic sen-
sor, the robot achieves autonomous obstacle avoidance,
offering a reference for diverse locomotion modes. A
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natural interaction experiment in a campus lake, where
fish were attracted by bread crumbs, showed that fish
continued swimming and feeding near the moving ro-
bot without avoidance, demonstrating favorable bio-
compatibility and potential for harmonious coexistence
(Fig. 5g). A transparent fishing line was attached for
retrieval. Future research could explore intelligent ob-
stacle avoidance algorithms (Chen et al., 2024; Zeng
et al., 2025). Comprehensive comparisons with repre-
sentative SMA-driven and other smart-material-driven
underwater robots are provided in Tables S1-S8 of the
ESM. Notably, Table S7 highlights that this work phys-
ically validates autonomous obstacle avoidance on an
SMA-driven platform while acknowledging the limi-
tations of the current single-sensor, left-turn-priority
strategy.

6 Conclusions

We present an SMA-driven underwater biomimetic
soft robot with coordinated PCF actuation, addressing
key limitations of existing systems in actuation capa-
bility, locomotion diversity, and environmental adapt-
ability. First-order physics-based modeling, structural
design, thermal management via passive liquid-assisted
cooling, control integration, and prototype fabrication
were carried out, and the experimental results demon-
strated efficient multimode locomotion, enhanced fa-
tigue resistance, and improved maneuverability under
optimized driving conditions. The robot achieves robust
straight-line cruising, agile turning, coordinated fin-
driven motion, and autonomous obstacle avoidance,
while natural environment experiments indicate favor-
able biological compatibility. These results validate the
feasibility and effectiveness of SMA-based coordinated
actuation for versatile and reliable underwater soft ro-
botic applications.
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