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Designing novel carangiform fish robots
with undulating hair clip mechanisms
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Bi- and multistable mechanisms have gained significant attention in the field of soft and compliant
robotics due to their distinctive mechanical and dynamic properties, which enable complex motion,
adaptability, and energy-efficient actuation for various applications. This study investigates the Hair
Clip Mechanism (HCM), defined as a kinked ribbon with its two extremities pinned together, analogous
to a snap hair clip. While previous studies have explored similar concepts, they have not specifically
investigated the snapping behavior of hair clip-like mechanisms as robotic actuators, leaving a critical
gap in the understanding and application of this unique bistable structure. This paper systematically
analyzes the static and dynamic properties of a generalized HCM, validates the theoretical models
through experimentation, and demonstrates its application in the design of two distinct versions of
carangiform fish robots. The first, a tethered pneumatic fish robot, achieves a swimming speed of 1.40
body lengths per second (BL/s) or 26.54 cm/s, approximately twice the velocity of a conventionally
designed counterpart. The second, an untethered motor-driven HCM-based fish robot, attains a
speed of 2.03 BL/s or 42.6 cm/s, thrust of 245.66 mN, cost of transport (CoT) of 5.14, energy efficiency
of 3.89%, and thrust-to-power ratio of 79.46 mN/W at 3 Hz undulation. These metrics position it
among the fastest soft robotic swimmers reported. Notably, its performance is 40% (in BL/s) higher
than that of the previously documented record-holding design. These findings highlight the potential
of HCM-based structures to enhance the adaptability and performance of soft robotic systems, paving

the way for innovative applications in bio-inspired locomotion and compliant mechanism design.

Compliant mechanisms with bi- or multi-stability have gained significant
attention due to their ability to undergo rapid, strong, and repetitive
deformations'™. Bistable mechanisms, in particular, enable elastic energy to
accumulate through slow, continuous actuation with low forces and release
it rapidly upon reaching a critical actuation threshold. This principle, akin to
latch-mediated spring actuation (LaMSA) systems'’, is widely observed in
nature. Examples include the ballistic seed dispersal of Impatiens and
squirting cucumber after prestressing their seedpods'’, the pollen dispersal
of trigger plants®, the rapid leave closure of the iconic Venus flytrap®, the
fast snap-through of hummingbird beaks", the ballistic jaw propulsion in
trap-jaw ants", and the bistable folding and unfolding of earwigs'®. In
robotics, bistable mechanisms are particularly advantageous for enhancing
the speed and force of soft robots, since they often struggle with slow
actuation and limited manipulation forces.

Soft robots, typically constructed from materials with moduli
ranging from 10°-10° Pa'”"%, are valued for their safety, versatility, and
biocompatibility. However, their intrinsic material properties often limit

their actuation speed. Pneumatic actuation is a common solution,
though it poses challenges for untethered operation. Various strategies
have been explored to address the challenges of speed and untethering of
soft robotics, such as explosive actuators for high-speed jumping
robots'*, optimized pneumatic networks for increased reaction
speed™, CO,-based untethered propulsion systems™, and direct drive of
a continuum body”’. Additionally, researchers have leveraged snap-
through instability and bistable mechanisms to achieve rapid movement
and enhanced locomotion in soft robotic designs. Examples include
bistable galloping robots”, magnetic elastomer robots™, and bistable
fishtail designs that improve energy efficiency™.

Inspired by these advancements, our work explores the use of hair-
clip-inspired bistable mechanisms (HCMs) for soft robotic fish pro-
pulsion. HCMs, constructed from semi-rigid ribbon materials under in-
plane prestressing, offer a promising approach to enhancing both speed
and untethered mobility. These mechanisms exhibit compliant defor-
mation with an infinite degree of freedom, making them suitable for
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integration into soft robotic systems. Despite their growing popularity,
theoretical modeling and closed-form solutions for HCMs remain
challenging due to the large deflections involved in their deformation
and actuation phases. This paper introduces an approximate calcula-
tion method for HCMs to establish fundamental design principles for
HCM-based robotic applications, validated through finite-element
simulations and experimental testing.

Structurally, HCMs consist of kinked ribbons or thin-walled beams
with their extremities pinned together, forming a core region (denoted as L,
in Fig. 1A) that facilitates actuation and bistable triggering. Upon activation,
stored elastic energy propagates in the form of an undulating wave,
resembling the carangiform swimming pattern observed in fish. Building
upon this analogy, we developed two fish robots utilizing HCMs to explore
their potential for novel aquatic locomotion. We fabricated a pneumatic
HCM fish robot and compared its performance against a traditionally
actuated swimmer. Additionally, a servo-driven HCM fish prototype was
constructed and tested in a natural lake environment. A video showcasing
the operation principle and the experiments of the untethered HCM fish
robot is provided (Fig. 2).
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Fig. 1 | Design and working principles of hair clip mechanisms (HCMs). A The

geometry of the HCM ribbon before assembly. Dimensionless shape factors 6= 10"

and y,= L, / L, = 6; other parameters h/L, = 15 mm/12.5 mm and #/L, = 0.381 mm/

12.5 mm. B, C Assembled configuration and contour of maximum principal strain

Methods

The Theory of HCM bistability

Compressed slender elements like ribbons, beams, and rods have a strong
tendency to buckle™”". The lateral-torsional buckling of a typical HCM is
first triggered when the HCM is prestressed and riveted, as in Fig. 1A-D and
Fig. 3, in which L, is the half-length of the core section of the HCM ribbon
measured by the midline and L, is the length of the props measured by the
midline; a non-dimensional shape factor y,=L, / L, is defined for the
derivation of unit-free principles; angle 0 is the twist at the kinked corner of
the HCM, which is another non-dimensional shape factor than yg h is the
ribbon width; ¢ is the ribbon thickness. The lateral symmetry of the HCM
ribbons is used for simplicity so that the mathematical derivations can be
conducted on a half-HCM. Compressed slender elements like ribbons,
beams, and rods have a strong tendency to buckle’™”". The lateral-torsional
buckling of a typical HCM is first triggered when the HCM is prestressed
and riveted, as in Fig. 1A-D and Fig. 3, in which L, is the half-length of the
core section of the HCM ribbon measured by the midline and L, is the
length of the props measured by the midline; a non-dimensional shape
factor y; = L, / L, is defined for the derivation of unit-free principles; angle 0
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from FE simulation, respectively. D HCMs made of steel and plastic sheets. E Energy
profile and configuration transition of a snapping HCM. F Time series of snapping
plastic and steel HCMs under a high-speed camera.
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is the twist at the kinked corner of the HCM, which is another non-
dimensional shape factor than yg h is the ribbon width; ¢ is the ribbon
thickness. The lateral symmetry of the HCM ribbons is used for simplicity so
that the mathematical derivations can be conducted on a half-HCM.

Variable definitions are shown in Fig. 3. The displacements u, v, and ¢
are measured on centroid C of an arbitrary section mn along x, y, and z axes
(undeformed coordinate system of the HCM, Fig. 3A), respectively, with
signs following the directions of axes and right-hand rule. Here, a “kinked-
to-straight” assumption is used so that the z coordinate can conveniently
denote the arclength of the half ribbon to reduce the model complexity. This
assumption is based on the fact that the bending moments on the two sides
of the kind are conserved, and usually, bending moments contribute to a
major part of the beam deflections. The &, #, and  axes (deformed coor-
dinate system) are drawn through the deformed centroid C’ of the section
mn, with positive directions coinciding with the principal axes of the
deformed configuration.

Another assumption we need to obtain a solvable equation group for
an Euler-Bernoulli beam is the small deflection assumption, which states
that the beam curvature

Y//
Kdg( yp v M
1+

Thus, the mathematical model of the assembly process can be given by
the following equations™:

d*v
Elfd—zz—l—P(l—z) =0 (2)
du
de du
Eghia s — )= —u)= 4
CdZ+P(l 2) = P(u; —u)=0 4)

Fig. 2 | The operation principle and experiments of the untethered HCM fish robot.

in which I, and Iy denote the second axial moment of area for axes £ and #,
EI = E x (width;) x (height;)’/12 is the bending stiffness of the beam along
the i axis (Fig. 3),1= L, + L, is the half-length of the strip, C = G/ = h&’G/3 is
the torsional rigidity of the thin rectangular section mn if only h > 10t, u; is
the horizontal deflection at z= I, G = E/2/(1—v) is the shear modulus, and v
the Poisson ratio. Differentiating Eq. (4) w.r.t zand plugging in Eq. (3) yields

dp Pl —z)

The general solution of Eq. (5) can be analytically given as

o(s) = /s {Al]l/4 (%52) + A 1) (%f)} 6)

where s =1—z, J1;4 and J_;,4 represent Bessel functions of the first kind of
order 1/4 and —1/4, respectively, and the notation

PZ
By = VﬁqC @)

Due to the symmetry of the ribbon and the small deflection assump-
tion, integration constant A, =0 can be inferred from the boundary con-
dition

¢li_g =0. 8)

Thus, the general solution of Eqgs. (2)—(4) can be described by

(P(S) = \/S_Alll/z; (% 52) (9)

where A; is a non-zero integration constant. Equation (9) indicates that the
ribbon will buckle in a way that the twist ¢(s) follows a Bessel function of
order 1/4. Another boundary condition of the beam can be described as
9l =0 (10)
since the two extremities are hinged together. Due to the lack of lateral
support on the beams and the non-zero feature of A,, the lowest root of the

Bessel function J;,4 should be used when combining Egs. (9) and (10), which
dictates that the variable

%lz = 2.7809 (11)
Plugging in Eq. (4), the critical load of the lateral-torsional buckling is

5.5618
Py =" -\/ELC

(12)

Fig. 3 | Mathematical model of the hair clip
mechanism (HCM). A The kinked-to-straight
assumption and the undeformed half HCM in the y-

z plane. B Displacements of the arbitrary section mn

in the x-y plane. C Deformed shape of the HCM in  V
the x-z plane.
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The post-buckling load is usually assumed to equal the critical load.
However, because the “kinked-to-straight” assumption releases the con-
straint of the model, one more equation is needed for the particular solution,
i.e, for getting the values of A, and then ¢. Usually, the energy conservation
law is used, which can be expressed as the fact that the total elastic strain
energy of the structure must equal the work done by the external critical load
P, Ignoring the membrane strain energy, we have

’ 2
o - iifstonsle
= %ff) |:Pcr2(l - Z)ZSinz(p/EIrl + G](%" 2] dz

in which U is the total elastic energy, M, is the moment on the beam along
axis 7. On the other hand, the total external work done by P, is

1
T=P, L, (sin—1 —+ 6)

N

(14)

where y,=L, / L; and 8 are the two non-dimensional shape factors of the
HCM. By plugging in
U=T (15)

we can solve for the value of A;, and then the analytical expression of ¢ from
Eq. (9). Finally, by plugging Eq. (9) into Eq. (3), the out-of-plane bending

Path 1 Path 2

O
m

angle y of the section mn is

z

5 [ot-0-0-0ar+cy

0

W)~ g

: (16)
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0

in which the integral constant C, is zero by plugging in the boundary
condition that y(0) = 0. Please note that { in Eq. (16) is a dummy variable
instead of the coordinate component.

The calculation of the energy barrier, Uy, between the HCM bi-states,
however, is impossible because the energy barrier is path-dependent.
Considering the “kinked-to-straight” assumption, we can approximately
take Up,,, as the energy difference between the third mode shape and the
first mode shape of the HCM ribbon:

Ubarr = U3rd - Ulst (17)
if we compare the ribbon snapping to the snapping of a fixed-fixed (having
fixed connections on both ends) beam. The second mode shape is omitted
due to the symmetric plane at z=0 of the HCM. This analogy can be
inferred by the profile evolution of the centralized out-of-plane angular
displacement y'= ¢ — | , — 4 in Fig. 4G. The upper half of Fig. 4G is the
schematic of a fixed-fixed beam deforming from its first mode shape into its
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Fig. 4 | Verification of the HCM theory. A-C Comparison of rotational angles ¢
between Eq. (9) and the FE results calculated in SI. D, E Comparison of tip bending
angle y; or Y4 (inset) among Eq. (16), FE results, and experiments with varying 6
(ys=6) and y, (0 = 10°). Green shades are regions of 5% error. F Theoretical y.q of
the HCM with varying 6 and y,. G Demonstration of the similarity between fixed-

fixed beam snapping (top) and HCM snapping (bottom) in terms of angle y. A;y; is
the maximum deflection of the first mode shape of the beam. A;; /2 is the maximum
deflection of the third mode shape, which is the critical state of the snapping of the
beam. H Comparison of the non-dimensional energy barrier U,,,, between theory
and FE results. I Theoretical U,,,, of the HCM with varying 6 and y,.
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third mode shape, and the bottom half is the simulated result to verify this
resemblance with the HCM’s geometry of 0= 10", y,= 6.

Meanwhile, it is easy to know from the same total length of 2 I and the
similar functions of the first and third mode shapes that

U,y =4U,, (18)
Plugging in Eq. (14), the energy barrier
.
Uharr = 3Ulst = 3Pcr : LZ sin - —+ 0 (19)
N

A MATLARB live script file, including the above calculations, is pro-
vided in the supplementary information (SI) to demonstrate the design
process and to promote its future usage.

FE and experimental verification

Equations (9) and (16) indicate that the configuration of the assem-
bled ribbon’s midline, i.e., the values of ¢(s = I — z) at stable states, ¥,
or y(I) at stable states, is irrelevant to the material modulus E, thick-
ness t, or ribbon width /i, and is determined by the unitless shape
factors 0 (Fig. 1A) and y, = L,/ L,, if only the slender beam criterion of
h > 10t is met™. This conclusion offers convenience when we scale up
HCMs for larger applications. If we consider the non-dimensional
energy barrier U,,,, = Upar,L1/EL, instead of the absolute energy
barrier Uy, the same conclusion can be drawn that it is only affected
by 0 and y,.

Thus, the verification of the above calculation is done by com-
paring Egs. (9), (16), and non-dimensionalized Eq. (19) to FE and
experimental results with varying 0 and y,, as shown in Fig. 4. The
theoretical rotation angle ¢ is calculated using MATLAB. We repro-
duced the assembly and snap-through process in the FE software
ABAQUS/Standard for an HCM with shape factor 8=10°, y,=6, and
other parameters 4 / Ly =15mm / 12.5mm and ¢ / L; =0.381 mm /
12.5 mm. The simulation uses 756 shell elements S4R, and the material
is assumed to be linear elastic with Young’s modulus E of 2 GPa and
Poisson ratio v of 0.3. The experimental results of y,, are measured with
a 1-axis soft flex sensor (Bend Labs Inc.) connected to a SparkFun Pro
nRF52840 Mini microcontroller.

Results in Fig. 4C show a fair agreement of the rotational angles ¢(s)
between the theory Eq. (9) and the FE results, despite the assumptions. The
theoretical solution Eq. (16), or y,, gives an error of around 5% (Fig. 4D, E)
compared to the experimental measurements with varying 0 and y,. The
energy barrier can be estimated with FE simulation by taking the minimum
of a series of trials with different loading conditions (Movie S6). When
compared to the FE method, Eq. (19) gives a maximum error of approxi-
mately 10% (Fig. 4H). Despite the good verification results, we should be
aware that this theory is still qualitative.

Using HCM for repetitive propulsion

The bistable HCM can be conveniently fabricated with tensile-resistant 2D
materials like carbon fiber/epoxy, metal, plastic, and paper sheets and
assembled with a pin rivet. These materials are usually too high in modulus
for compliant mechanisms since their moduli are in the range of
10° ~ 10" Pa and are much stronger than elastomers. However, their 2D
forms will have out-of-plane stiffnesses smaller than their membrane
stiffnesses by an order of 10° ~ 10°, enabling them to deform with
moderate load.

On the other hand, repetitive actuation can cause the material of HCMs
to develop fissures and eventually break, as discussed in our previous work.®
It is indicated that the critical cycles of plastic HCM under repetitive
actuation are logarithmically proportional to the reciprocal of ribbon
thickness. And the shim plastic of 0.381 mm in thickness will have a critical
cycle of ~2 x 10*

Due to the “kinked-to-straight” assumption, the time scale of an HCM
snapping can be analogous to that of a straight beam in compressive
buckling™

o
t\/E/p,

*

(20)

where p is the density of the material and ¢ is the thickness of the ribbon. The
difference in timescales of HCM snapping is shown with different materials
in Fig. 1F and Movie S2. For plastic and steel HCMs with a configuration in
Figs. 1 and 3, the snapping timescales are ~ 40 ms and ~16 ms from the video
frames, respectively. The corresponding solutions from Eq. (20) are 68 ms
and 24 ms, offering a correct order of magnitude, which can be used to
estimate the critical frequency (maximum working frequency) of the HCM
robots. The snapping of these plastic and steel HCM:s features a clear snap
sound, which is a shock wave (Movie S2). The steel HCM snaps with a
swinging angular velocity of ~14 x 10° °/s from the video, which is com-
parable to those of the throws of a professional baseball player of ~ 9000 °/s™
and much faster than the tail beats of fish, which are about 10 Hz.

Results

Tethered pneumatic HCM fish robot

Inspired by the resemblance of HCM snapping and fish undulation, we use
HCMs for fish robotic propulsion in this section. With pneumatic bending
actuators”, we made a pressure-driven HCM fish with dimensions of
length x width x height=18.6 x6.5x 52 cm’ and a weight of 42.5g
(Fig. 5). It comprises a PETG plastic HCM body (pink, film thickness
t; =0.381 mm, SI), a riveted fishtail (gray, film thickness ¢, = 0.191 mm),
and a hollow 3D-printed fish head with ballast. The HCM used in the fish
has a geometry of 2/=175mm, 6= —3° and y,=6, which yields a tip
bending angle of ;= 39° and snapping time of ~68 ms from the theory. A
pair of pneumatic bending actuators is antagonistically attached to the
HCM body. When gas is pumped into these actuators, their bending
deformation will snap the HCM. An alternate actuation pattern of the
actuators drives the HCM fish forward. The fabrication of pneumatic
actuators is similar to that in the relevant literature***. On the other hand,
the reference fish robot in Fig. 5B bottom has the same dimensions of
length x width x height =18.6 x 6.5x 5.2 cm’ and a similar weight of
~41.6 g.Itis made up of along trapezoidal piece of plastic sheet sandwiched
by two identical pneumatic bending actuators. Please note that the
actuators are horizontally stuck to the plastic, while the actuators of the
HCM are vertical. This leads to the difference in the bending mode, since
the vertical layout generates more bionic undulation traveling from head to
tail, while the horizontal layout generates more rigid swinging.

The pneumatic HCM fish swims underwater at an average horizontal
speed of 1.40 BL/s or 26.54 cm/s (calculated from photo sequence) with an
actuation pressure of 150 kPa and a frequency of 1.3 Hz (period = 760 ms,
39% duty cycle). In comparison, the mono-stable reference swimmer, with
the same weight ( ~ 41.6 g) and actuation condition, swims at 0.69 BL/s or
13.10 cm/s (Fig. 5B and Movie S3), half the speed of the HCM snapping one.
However, the comparison is not a perfect match due to the aforementioned
geometric difference between the robots.

Figure 5C depicts the peduncle swinging angle (tip bending angle y; of
the HCM) of the two fishes, measured from high-fps videos (Movie $4). The
two fish robots have similar undulation amplitudes, which are marked as red
and blue, respectively. The HCM fish shows a novel nonlinear undulation
pattern, while the reference generates the typical sinusoidal/triangular
swinging. It is evident from the videos that the HCM swinging pattern gains
more thrust than the reference. This interesting effect is probably due to the
difference in the swinging speed of the two robots. The HCM fish flaps its tail
at ~1200 °/s (consider only the time and motion from a peak to a rest state in
Fig. 5C), about three times the speed of the reference one of 340 °/s, and the
“squared rule” between water and velocity, i.e., Fp o v/, makes the HCM
swimming more efficient. Detailed explanations and verification, however,
will require further investigation.
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A

Fig. 5 | Pneumatic HCM fish robot and its comparison with the reference. A Parts
and assembly of the HCM fish. i. Caudal fin (# = 0.191 mm), ii. Rivet pin, iii. HCM
plate (2 /=175 mm, t = 0.381 mm, 8 = —3°,and y, = 6), iv. Pneumatic bending units,
v. 3D-printed fish head, vi. position of the mass center, and vii. Cast ballast.

t HCM 26.54 cm/s 1.40 BL/s
= —
2005

| Ref. 13.10 cm/s 0.69 BL/s

Channel 1 ; '
Channel 2 I -
1

50F

v (deg)
o
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400
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0 200 600

B Comparison of swimming speed between the HCM and the mono-stable fish
robots. Scale bar = 15 cm. C The recorded tail swinging angle y; of the two robots.
Both are actuated with 150 kPa and 1.3 Hz with a 39% duty cycle. The red and blue
shades mark the amplitude of the two robots.

Fig. 6 | Untethered servo-driven HCM fish robot. A
A Assembly of the robot. i. 3D-printed fish head, ii.
Battery pack (7.4 V, 350 mAh, 2-in-1 pack), iii. Cast
ballast, iv. BLE microcontroller, v. Mini servo, vi.
Servo holder, vii. Silicone layer, viii. Connection
layer, ix. HCM plate (t=10.762, 6 = —23.5°%, y, =2,
and y; = 34°), x. Pin rivet, and xi. Caudal fin
(+=0.127 mm). B Video series where the robot
reaches a speed of 2.03 BL/s or 43.6 cm/s under 3 Hz
swinging. The circular cruising path is for better
filming. Scale bar = 20 cm. C The robot gives an
average acceleration of 20.1 cm/s” during a straight
dash under 3 Hz swinging. Scale bars = 15 cm.

Vii

The relation between speed and undulation frequency is hard to
characterize due to the tank size and poor maneuverability of these open-
loop robots. The critical pressure needed to snap the HCM in a quasi-static
situation is shown in Fig. S5 (letter “S” means from the SI). An increasing 6
leads to a higher energy barrier and thus a critical pressure. Simulations of
the assembly and the snapping of HCMs are shown in Movie S6.

Untethered servo-driven HCM fish robot

Untethered robots usually provide more convincing evidence. With a
similar design to the pneumatic HCM fish, we built an untethered servo-
driven fish robot that is length x width x height =21.5 x 4.5 x 12.0 cm® in
size and 125 g in weight (Fig. 6A and Fig. S3). The robot is made of a PETG
plastic HCM body (coral colored, film thickness ¢, = 0.762 mm, SI), a riveted
fishtail (blue, film thickness ¢, = 0.127 mm), and a 3D-printed fish head. The
head is 3D-printed to accommodate a 7.4V battery set, a BLE micro-
controller, and a servo motor. The HCM has a geometry of 2 /=174 mm,
ys =2, and 0= —23.5°, which gives a theoretical tip undulation amplitude of

2y;=68° by Eq. (16). The central point of the HCM ribbon is driven by the
servo horn (part v) passing through the waterproof layer (part vi) made of
silicone rubber. Simple open-loop control is used to locomote and navigate
the fish (Movie S7). We made the fish density slightly smaller than the water
so it could float close to the surface to receive wireless signals. The circular
swimming path is fine-tuned through weight asymmetry for better filming
and speed calculation. The HCM fish robot attracts local aquatic creatures to
chase and then scares them away upon contact, which is an interesting
phenomenon.

As aresult, the fish swam 554 cm in 12.7 s, equal to an average speed of
2.03 BL/s or 43.6 cm/s under 3 Hz (6 snapping per second) swinging (Fig.
6B). A detailed speed profile is given in Fig. S3C. Figure 6C and Movie S8
show the straight dash of the fish robot with an average acceleration of about
20.1 cm/s® (Fig. S3D). Thrust and power consumption across frequencies
(0.5-5.0 Hz) were measured using an Arduino-based setup (Fig. S4). At
3.5 Hz, the servo-driven HCM fish achieved a peak thrust of 250.31 mN;
while at 3.0 Hz, it worked in optimal states, reaching a thrust of 245.66 mN
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Table 1 | Comparison among multiple swimmers
Swimmers Actuator Key Metrics Value Thrust (mN)
Wang et al.*! DEA Speed 7.6 cm/s (0.76 BL/s) 14
Liu et al.*? Servo Speed, CoT 1.12 BL/s (0.56 m/s), 1.24 --
Hartmann et al.*® DEA Speed, Power 5.1 cm/s (1.13BL/s), 35 mW 1.6
Soto et al.* HASEL Speed 13.7 cm/s (0.39 BL/s) 5.0-7.9
Zhang et al.*® DEA Speed 111.2 mm/s (2.22 BL/s) Low
Shen et al.*® IPMC efficiency 0.24% 9.5
Chao et al.® Servo Speed 0.8 m/s (1.45 BL/s) -
Bedenik et al.*” SMA Peak speed 158 mm/s 5590
Bartlett et al.*® LM Speed 2.8cm/s (0.16 BL/s) Low
Wang et al.*® Pneumatic Speed 4.7 cm/s (0.32 BL/s) -
Qing et al.* Pneumatic Speed, CoT 15.64 cm/s (0.87 BL/s), 11.1 70
Chiet al.*® Pneumatic Speed 8.52 cm/s (0.57 BL/s) -
This work Servo CoT, efficiency 5.14, 3.89% (or 79.46mN/W) 245.66

DEA dielectric elastomer actuator, HASEL hydraulically amplified self-healing electrostatic, IPMC ionic polymer—-metal composites, SMA shape-memory alloy ape, LM liquid metal, CoT cost of transport.

and yielding a CoT (Cost of Transport) of 5.14, energy efficiency of 3.89%,
and a thrust-to-power ratio of 79.46 mN/W (SI). More air undulation
movies under different frequencies are provided in movie S9.

Comparisons

A comparison of the speed and the frequency of soft fish robots is shown
in Fig. 7. The hollow circles in the figure are for tethered swimmers, and
the solid circles are for untethered ones. Despite the onboard electro-
nics and batteries, the untethered servo-driven fish robot in this study
has a higher speed than the tethered one. If considering only untethered
soft fish robots, the servo-driven HCM swimmer in this work would
present a competitive speed in BL/s, better than the previous record of
1.45 BL/s by 40%”. Some traditional robotic fish can reach higher
speeds by undulating at a high frequency ( ~ 10 Hz)**””. Compared to
them, the HCM fish have more bionic undulation with a single servo. A
more comprehensive assessment of multiple swimmers™***>**4- jg
given in Table 1.

In a similar work, Chi et al.”® reported a speed of 3.74 BL/s
(85.27 mm/s) and later Qing et al.” a speed of 6.8 BL/s (156.4 mm/s) for a
ray-fish swimmer utilizing a bistable mechanism for aquatic
propulsion***~°. These values are based on the length of the silicone
pneumatic actuator. If the speed is instead calculated using the largest
dimension of the ray-fish robot (~15 cm) as the body length, the corre-
sponding values would be approximately 0.57 BL/s and 1.0 BL/s,
respectively, as illustrated in Fig. 7. This highlights the impact of body
length definition on reported swimming speeds. Besides, there are sig-
nificant differences in the geometry of the bistable mechanisms: Chi et al.

and Qing et al. used two straight ribbons and a pair of elastomeric
actuators to form the prestressed and bistable structure while we used a
continuous ribbon, due to which the theoretical solutions of HCM can be
derived; meanwhile, the two reference papers used fixed connection at
the tips of the ribbons while we used hinged connection, which lowers the
energy barrier between the states and reduces the stress concentration
effect around the connection.

Discussion

Bistable mechanisms are getting significant attention in the fields of soft
robotics and deployable structures. Our work advances this innovation by
providing analytical solutions, finite-element verification, and experimental
validation for the bistable mechanism that we term HCM, demonstrating its
potential to enhance robotic speed and enable untethered soft robot designs.
We showcase the practical applications of HCMs with two fish robots: a
pneumatic HCM fish robot, which demonstrates that the nonlinear
undulation pattern resulting from bistability outperforms traditional fish
robot undulation, and an untethered servo-driven swimmer with an HCM
body, which was fabricated and field-tested, achieving a velocity of 2.03 BL/s
or 43.6 cm/s, thrust of 245.66 mN, cost of transport (CoT) of 5.14, energy
efficiency of 3.89%, and thrust-to-power ratio of 79.46 mN/W at 3 Hz
undulation. These metrics position it among the fastest soft fish robots to
date. The simplicity and versatility of HCMs encourage further exploration
of bistable mechanisms for innovative robotic structures and applications.

Data availability

All data are available in the manuscript or in the SI.
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