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Design and Implementation of a Lightweight
Bioinspired Pectoral Fin Driven by SMA

Shiwu Zhang, Bo Liu, Lei Wang, Qin Yan, Kin Huat Low, and Jie Yang

Abstract—Pectoral fins play an important role in the fish swim-
ming performance, especially in maneuverability underwater. This
paper presents the swimming propulsion by means of a flexible and
lightweight pectoral fin inspired by a Koi Carp. The fin is driven
by embedded shape memory alloy (SMA) wires. In this paper, the
kinematics of a pectoral fin from a live Koi Carp fish is first studied.
The motion of fin rays is analyzed, in which four basic patterns are
extracted from the motion of the pectoral fin captured experimen-
tally, especially the motion in retreating and hovering. Inspired by
the fin motion of the live fish, an SMA-driven fin ray providing a
two-degree-of-freedom bending motion is proposed. The detailed
design of the bioinspired pectoral fin driven by SMA-driven rays
is then presented. The basic unit is an SMA-driven plate with two
SMA wires embedded on the two opposite sides of a plastic plate.
The SMA-driven plate can bend by a pulse width modulation cur-
rent delivered through SMA wires. An assembled SMA fin ray is
next formed by two SMA plates, which are placed in series with
their cross sections perpendicular to each other. As a result, a
lightweight bioinspired pectoral fin is constructed by placing radi-
ally multiple SMA fin rays. The integrated pectoral fin is able to
exhibit four patterns extracted in the biological kinematic study.
The simulation and experimental optimization on the SMA-driven
plate are presented in the final part of this paper. The diame-
ter of SMA wires is optimized and the oscillation angle of SMA
plate is obtained. The experiment is also conducted to evaluate the
motions of the bioinspired pectoral fin. The result demonstrates
that the SMA-based fin is effective in driving the bioinspired fin.
Moreover, the bioinspired pectoral fin is able to perform complex
motions that can contribute to the maneuverability of fish robots.

Index Terms—Bioinspired pectoral fin, fin patterns, maneuver-
ability, shape memory alloy (SMA), SMA-driven plate.

I. INTRODUCTION

F ISHES have attracted the attention of scientists over sev-
eral decades for their excellent swimming performance.
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They can swim with a high efficiency and good maneuverabil-
ity in turning, hovering, retreating, and braking [1]–[4]. Fish’s
fins play an important role in fish swimming, and they are vital
for thrust generating, balance keeping, maneuverability, etc. For
example, according to the two classifications of the fish propul-
sion: body and caudal fin (BCF) mode and median and/or paired
fin (MPF) mode, the caudal fin in the BCF mode is the main
propeller, while pectoral fins maneuver with other fins. For raji-
form and labriform in the MPF mode, the pectoral fins act as the
thrust generation [2]. Researchers have conducted physiology,
morphology, and kinematic studies on pectoral fins that vary
from fish to fish. Westneat et al. [5], [6] studied the pectoral fin
of labriform swimmers, in which 3-D kinematic data of the pec-
toral fin were presented. Thorsen and Westneat [7] investigated
the detailed musculoskeletal structure of the pectoral fins asso-
ciated with 12 species of labriform propulsion. Rosenberger [8],
[9] studied the morphology of the stingray pectoral fin. He also
described the general swimming behavior of the pectoral fin
locomotion of eight species of batoids. Lauder et al. [10]–[12]
studied the complex 3-D surface movement of the bluegill sun-
fish pectoral fin in the aspects of anatomy, morphology, and
kinematics.

Inspired by the structure and kinematic of various pectoral
fins, researchers have developed a variety of biorobotic pectoral
fins. Sitorus et al. [13] designed a paired pectoral fins based on
a labriform fish. Yang et al. [14] developed oscillating pectoral
fins to drive a robotic fish inspired by cownose ray. Low et al.
[15]–[17] designed an undulation device to mimic the pectoral
fin of stingrays in rajiform swimmers. However, most of these
bioinspired pectoral fins are rigid and are capable of simple
motions only. As noted in the study on pectoral fins of the
sunfish [10]–[12], the flexible structure and 3-D motions of the
pectoral fin greatly affect its performance. In this connection,
Tangorra et al. [18]–[20] developed a flexible robotic pectoral
fin based on the bluegill sunfish. The team studied the highly
deformable fish fin’s effect on the propulsive force. However,
the servomotors, tendons, and hinges are formed to actuate the
robotic fin. This leads to a bulky and relatively heavy robotic
fish body.

In order to imitate the complex motions of pectoral fins with
simple and lightweight structure at the same time, smart materi-
als are adopted. Smart materials such as ionic conducting poly-
mer film [21], shape memory alloy (SMA) [22]–[24], ionic poly-
mer metal composite [25]–[28] have been adopted in biomimetic
underwater robots. Wang et al. [29], [30] developed an SMA-
driven caudal fin and achieved a high locomotion performance
of a robotic squid. In fact, SMA has several advantages that
are suitable for an biomimetic device [31]–[33]: 1) SMA is
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Fig. 1. Sketch of the kinematic experimental setup.

the integration of the driver and structure, which simplifies the
device largely; 2) SMA can generate a notable strain (up to 8%)
and a significant stress (up to 600 MPa) under a relative low
voltage; 3) SMA’s actuated frequency underwater (up to 2 Hz)
is appropriate. Therefore, we adopt SMA as the actuator of a
lightweight bioinspired pectoral fin, which can exhibit complex
shape and motions [34]–[36].

The remaining of this paper is organized as follows. The kine-
matics of the pectoral fin from a Koi Carp is first investigated
and described. Four basic patterns of the pectoral fin during
fish hovering and retreating are extracted in Section II. The de-
tailed design of the flexible bioinspired pectoral fin capable of
complex motions actuated by SMA is presented in Section III.
The simulation in thermodynamics and the experimental op-
timization on the SMA plates are conducted and discussed in
Section IV. In Section V, the hydrodynamic experiment on the
bioinspired fin is conducted. The force in the flapping and
undulation is presented and analyzed. In Section VI, the ad-
vantages of the developed bioinspired fin are discussed. The
comparison between our bioinspired fin and other robotic fins
is also presented. Finally, concluding remarks are provided in
Section VI.

II. KINEMATICS STUDY OF BIOLOGICAL PECTORAL FINS

Koi Carp possesses excellent swimming performance by the
coordinated motions of pectoral fins and other fins. The kine-
matics study on pectoral fins of a Koi Carp was conducted with
a high-speed camera. The image resolution is 2816 × 2112
pixels, and the photograph speed is 60 frame/s. A reflective mir-
ror is placed in the water tank as shown in Fig. 1. By virtue
of the mirror, we can obtain two views of the pectoral fin si-
multaneously with only one camera. Accordingly, continuous
3-D morphologies of the pectoral fin can be obtained with the
multiview imaging system and digital imaging process [37].

By virtue of the motion study, we observed that as the Koi
Carp hovers or retreats, pectoral fins move continuously while
other fins (dorsal fin, ventral fin, anal fin, and caudal fin) re-
main nearly still. This implies that the pectoral fins play a vital
role during retreating and hovering. However, when the fish
steady swims or accelerates, the propulsion forces mainly come

Fig. 2. Motion cycle of the pectoral fin in fish retreating. Solid arrows repre-
sent the motion direction of the dorsal leading ray, and dashed arrows represent
the motion direction of the ventral leading ray. The time interval of two neigh-
boring pictures is 50 ms. Note that the view of the pectoral fin in the mirror is
excluded in the present figure, for clarity.

from the motion of the caudal fin, the pectoral fins only assist
swimming. For the following discussion, we select two basic
maneuvers to observe the motions of pectoral fins: retreating
and hovering.

A. Pectoral Fin in Retreating

The motion of the pectoral fin during retreating is divided
into two stages: in-stroke [see Fig. 2(c)–(g)] and out-stroke [see
Fig. 2 (a) and (b), (h) and (i)]. The motion is a hybrid mode that
combines paddling, rotating, expanding, and shrinking. During
out-stroke, the pectoral fin expands in order to increase flapping
area, thus increases retreating force. As for in-stroke, the fin sur-
face reduces. The angle between the fin surface and the vertical
plane decreases. And the propulsive force also decreases. The
motion direction of ventral leading ray and dorsal leading ray is
coincident throughout most of the motion cycle.

The frequency of the pectoral fin motion is about 2 Hz. Over
the motion cycle, the duty ratio of out-stroke is about 40%,
whereas the duty ratio of in-stroke is about 60%. The phe-
nomenon of “fast out-stroke, slow in-stroke” reflects the asym-
metry of motion.

B. Pectoral Fin in Hovering

During hovering, the motion of the fish body is almost still
(see Fig. 3). A small lift provided by the small swing of pectoral
fins maintains the body posture. There is an undulation and a
small amplitude oscillation in the motion of the pectoral fin. The
motion of the pectoral fin during hovering can also be divided
into two stages: out-stroke [see Fig. 3(a), and (b), (g), (h), and (i)]
and in-stroke [see Fig. 3(c)–(f)]. During out-stroke, the pectoral
fin expands to increase flapping surface area. During in-stroke,
the fin shrinks to reduce the flapping surface area.

The pectoral fin almost keeps vertical to the longitudinal axis
of the body during hovering. The fin surface displays the state of
bending, cupping, undulation, and their complex combination.
The motion frequency of the pectoral fin is about 2 Hz.
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Fig. 3. Motion cycle of the pectoral fin during hovering. Solid arrows represent
the motion direction of the dorsal leading ray, and dashed arrows represent the
motion direction of the ventral leading ray. The time interval of neighboring
pictures is 50 ms. Note that the view of the pectoral fin in the mirror is excluded
in the figure, for clarity.

Fig. 4. Four basic patterns of the pectoral fin: (a) Relaxation [a relevant
pectoral fin image can be obtained from Fig. 2(a)]. (b) Expansion [see Fig. 2(f)].
(c) Bending [see Fig. 2(e)]. (d) Undulation [see Fig. 3(e)]. The ranges from top
to bottom reflect the distance from the pectoral fin base, top range (0–12) of
areas implies fin parts is near the fin base, and bottom range (24–36) of areas
denotes a reverse situation.

C. Basic Patterns and Motions of the Pectoral Fin

The pectoral fin displays complex 3-D shapes during fish
retreating and hovering. Four basic patterns of the pectoral fin
are observed and extracted through digital image processing on
the captured images in experiments by the multiview imaging
system: 1) relaxation: dorsal leading ray, ventral leading ray,
and other rays are basically in the same plane. Meanwhile,
the rays lie straight and are close to each other, as shown in
Fig. 4(a); 2) expansion: dorsal leading ray and ventral leading
ray expand span-wise with the fin surface area increasing, as
shown in Fig. 4(b); 3) bending: fin rays bend into one direction,
the fin surface displays a parabolic surface, as shown in Fig. 4(c);
4) undulation: there are phase differences in the motions of
neighboring fin rays. The fin surface displays a “w” shape, as
shown in Fig. 4(d).

Fig. 5. Expansion coefficient β of the pectoral fin during retreating and hov-
ering. The triangular points and dots are the expansion degree during retreating
and hovering, respectively. The curve is obtained by fourth-order polynomial
fitting. The standard deviation of the surface area during hovering is 0.03, and
the standard deviation of surface areas during retreating is 0.02.

The complex motions of the pectoral fins are categorized
in three movement groups based on the four basic patterns,
1) motions within the pattern. For example, undulation mo-
tion denotes fin undulating with certain wave number and wave
speed, flapping motion denotes fin alternately bending into op-
posite directions; 2) transformations between the patterns, such
as expanding and shrinking between relaxation and expansion;
3) combination of various basic patterns, for example, undu-
lation with the fin expansion. The four associated patterns of
pectoral fin provide the reference and foundation for the design
and the control of the bioinspired flexible pectoral fin.

The surface area of the pectoral fin during retreating and
hovering is also extracted by digital image processing. An ex-
pansion coefficient β is introduced to describe the area change
in a fin motion cycle with the expression of β = S/S0 , in
which S0 denotes the minimum surface area during retreating
and hovering, while S denotes the current surface area. Fig. 5
shows the expansion degree of the pectoral fin during hovering
and retreating, respectively. The maximum expansion coeffi-
cient during retreating is 1.33, whereas it is about 1.4 during
hovering.

D. Motions of Fin Rays

From the images captured by the multi-view imaging system,
we are able to extract spatial positions of the fin rays with the
digital imaging process. We found in the experiment that: 1) the
base of the fin rays nearly keep fixed to the fish body, 2) there
are two degrees of freedom (DoF) for each fin ray in a fin beat,
which has also been verified by the study on the pectoral fin of
the sunfish [12], [38], in which two pairs of muscles control a
fin ray to achieve a two-DoF bending motion.

Fig. 6 shows the coordination of the fin rays of the Koi Carp
during a fin beat, together with the fin angles. Fig. 7 shows
the two angles of dorsal leading ray during fish retreating and
hovering. The figures show that the fin ray performs the motion
with two rotations.
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Fig. 6. Sketch of the coordinates of the Koi Carp and orientation of a fin ray
in a fin beat. In the enlarged fin diagram, α stands for the angle between the
root of the fin ray and the screen plane, while ϕ stands for the angle between
the projection of the root of the fin ray in the screen plane and the longitudinal
axis.

Fig. 7. Motions of the dorsal leading ray: (a) during retreating, the maximum
angle changing is about 60◦ and (b) during hovering, the maximum angle
changing is about 50◦.

With the fin ray’s dual rotations, the shape and the area of
the pectoral fin changes continuously in a fin beat. The complex
motions and shape changes of the pectoral fin come from the
coordinated motions of the fin rays and the effect of the hy-
drodynamics. Therefore, the key factor to develop a bioinspired
pectoral fin with complex motions is to design and control a fin
ray that can deflect in two orthogonal directions.

The kinematics study provides us a deeper understanding on
the motion of biological pectoral fins during retreating and hov-
ering, which inspires the design and experiment of a lightweight
bioinspired pectoral fin. First, the ray’s two-DoFs bending mo-
tion provides a reference for the design of a bioinspired fin
ray. Second, the four basic patterns of the pectoral fin provide
the foundation for the design and the control of the bioinspired
flexible pectoral fin. The design of a bioinspired pectoral fin is
presented in the following section.

III. DESIGN OF A LIGHTWEIGHT BIOINSPIRED PECTORAL FIN

In our design of bioinspired pectoral fin, two mechanisms
of SMA fin ray are compared according to the requirements

Fig. 8. Structure of the SMA fin ray: (a) fin ray with a hinge on its root, pulled
by SMA wires (L1 and L2 ), where a denotes the distance from the fixed point
of the SMA wire on base part to the root of the fin ray, and b denotes the distance
from the fixed point of the SMA wire on the fin ray to the root of the fin ray;
and (b) relationship of the deflection angle and strain of SMA wires (the dashed
horizontal line denotes 3% strain). Note that θ denotes the angle that the fin ray
deflects, and s denotes the strain that the SMA wire contracts.

obtained from the previous section. An SMA-driven plate that
can achieve 1-D oscillation is next developed. An SMA fin ray
that can execute a two-DoFs oscillation through SMA-driven
plates is also presented. Finally, a flexible bioinspired pectoral
fin that can perform basic patterns is produced.

A. Selection of SMA Fin Ray Structures

According to the characteristics of SMA and the kinematics of
a biological fin ray, there are several constraints or requirements
for the design of an SMA fin ray: 1) An SMA wire is able to
provide a large recovery strains (3%) under a significant stress
(about 300 MPa) with a long life (>1000 cycles), which have
been verified by our experiments on SMA wires. An SMA spring
may provide a much larger strain, if compared with that of an
SMA wire. However, its large diameter and small recovery stress
limit its application in a bioinspired underwater fin ray; 2) Each
SMA fin ray can bend into two directions: the bending angle is
relatively large (up to 60◦); and the motion frequency is about
2 Hz.

From the biomimetic viewpoint, the SMA fin ray should adopt
the structure that is shown in Fig. 8(a). In the figure, the fin ray
is composed of a plastic stick with the radius getting smaller
from the root to the tip. Two SMA wires, fixed between the fin
ray and the base part, are the muscles to actuate the fin ray. If
left SMA wire is heated to its austenitic starting temperature
As , it will contract and pull the fin ray to deflect. While heating
right SMA wire will lead the fin ray to deflect into the opposite
direction. If we fix two more SMA wires on the fin ray and
pull the fin ray deflected in the plane that is orthogonal to the
screen, the bio-inspired fin ray will fulfill a two-DoF motion as
a real fin ray does [12], [38]. However, the structure requires a
large strain for SMA wires. We could obtain from Fig. 8 that the
relationship between strain s and deflection angle θ as given by

s =
L − L1

L
= 1 −

√
a2 + b2 − 2ab cos(π/2 − θ)/

√
a2 + b2 .

(1)
The result of the relationship is depicted in Fig. 8(b). Some

findings can be concluded from the figure: 1) it is difficult for
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Fig. 9. Structure of the SMA fin ray: (a) flexible plate embedded with two
SMA wires (L1 and L2 ), where L denotes the length of the fin ray, h denotes
half of the thickness of the flexible plate; and (b) relationship of the deflection
angle and strain of SMA wires (the dashed horizontal line denotes 3% strain).
Again, θ denotes the angle that the fin ray bends, while s denotes the strain that
the SMA wire will contract).

SMA wires to provide a notable deflection angle (> 60◦) within
3% strain; and 2) decreasing a leads to a larger θ. If a < 1 mm
and b = 40 mm, a larger θ will be produced. However, it is
difficult to fix SMA wire on the base part accurately when a is
small, as the root of the fin ray is longer than 1 mm and there
exists a hinge between the fin ray and the base part; 3) Increasing
b leads to a larger θ. However, a large b will cause the difficulty
to spread soft membrane on the fin ray.

From the above analysis, a small a or a large b leads to a
large deflection angle θ. If a is small enough and b is large
enough, the bioinspired fin ray can be designed as a flexible fin
ray embedded with SMA wires, as shown in Fig. 9(a). In the
figure, SMA wires are closely stuck on the surface of flexible
plate. As left SMA wire is heated to As , it will contract and pull
the flexible plate to bend. The relationship between the bending
angle θ and the strain of SMA wire s is calculated and some
results are shown in Fig. 9(b). It is observed from the figure:
1) If h is small enough (i.e., implying a small thickness of the
plate and a small diameter of SMA wire), the SMA wire will
pull the plate to bend with a considerable angle (L = 50 mm and
h = 1 mm/0.5 mm); 2) Bending angle θ is directly proportional
to the length of the plate. With the same strain of an SMA wire,
a longer plate leads to a larger bending angle.

In summary, the bioinspired fin ray may have a larger bending
angle with embedded SMA wires. However, the above analysis
is conducted according to the geometrical relationship with-
out performing the force analysis of the SMA fin ray. The ac-
tual bending angle of the bioinspired fin ray will be smaller
than that from the present analysis because of the drag force
from the flexible plate, the unactuated SMA wire, and/or the
hydrodynamics.

B. Construction of the SMA-Driven Plate

A flexible plate, embedded with SMA wires and SMA-driven
plate, is utilized as the basic unit of the bioinspired pectoral fin.
As shown in Fig. 10, the SMA-driven plate consists of a fixed
bearing, a flexible base plate, SMA wires, a silica gel membrane,
and fixing points. Two SMA wires placed on the top and bottom
of the base plate are heated to realize an oscillation. The flexible

Fig. 10. Structure of the SMA-driven plate. [1) Fixed bearing. 2) Flexible base
plate. 3) SMA wires. 4) Silica gel membrane. 5) Fixing points.]

Fig. 11. Oscillation of the SMA-driven plate: (a) control of the bending di-
rection of the SMA-driven plate by heating SWA wires. A and B denote SMA
wires on top and bottom surfaces of the plastic plate, respectively. θ denotes the
oscillation angle of the SMA-driven plate, which can be measured by the angle
between the horizontal line and the tangent to the tip point of the SMA-driven
plate; and (b) time sequence of the heating current for SMA wires A and B.
Ton denotes the duty time in a PWM current, the oscillation frequency of the
SMA-driven plate is 1/2T , T is the phase difference between the heating PWM
of SMA wires on two sides of the SMA-driven plate.

plate is made of polyvinyl chloride (PVC) with a high elasticity.
The thin membrane, made of silica gel, is adhered to the base
plate by glue to protect the SMA wires from the water and keep
the wires cling to the base plate while bending. The tip points
of SMA are fixed on a small circuit board, which is embedded
in the base plate. In order to ensure a relatively large bending
angle, the length and the thickness of the SMA-driven plate
is set as 50 mm and 1 mm [accordingly to the results shown
in Fig. 9(b)], respectively. The width of the SMA-driven plate
should match the stress of the SMA wires, which is related to
the diameter of the SMA wires. Considering the assembling of
SMA wires on the plate, the width of the SMA-driven plate is set
as 20 mm. The diameter of the SMA plates will be determined
by simulation and experiments.

As illustrated in Fig. 11, as an SMA wire is heated to As

by passing a pulse width modulation (PWM) current. It will
undergo phase transformation, contract to its original length, and
pull the tip of the plate. Therefore, the plate will bend to the side
where the SMA wire is heated. Since the base plate is flexible,
its elastic modulus is large enough to provide a resilience force
back to the middle state. When the SMA wire cools, the SMA-
driven plate will return straight. By successively heating SMA
wires on both sides of the plate with two PWM currents with
phase difference, the SMA plate can bend and oscillate.

It is worth mentioning that the motion of the SMA-driven
flexible plate is related to the dynamical constitutive equation
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Fig. 12. Structure and state of an SMA fin ray: (1. Root SMA driven plate,
2. Tip SMA driven plate, 3. Elongated plate): (a) Free state. (b) Root SMA-
driven plate bending. (c) Tip SMA-driven plate bending. (d) Two SMA plates
bending simultaneously.

of SMA, the thermodynamic between SMA wires and their
environment, the dynamics related to large deformation flexible
beam, two SMA wires, and hydrodynamics. The dynamics of
flexible plates embedded with SMA wires is tedious to model.
Therefore, we estimate the diameter of SMA wires through static
equilibrium, and determine the range of some key parameters by
simulation, such as the diameter of SMA wires and the current
that passes through the SMA wires. The details of the SMA-
driven plates can then be determined by experiments according
to the requirements of a real fin ray, which will be presented in
Section IV.

C. Assembly of the Fin Ray by SMA-Driven Plates

Inspired by the motions of fin ray exhibited in Fig. 5, a fin ray
can perform two-DoFs motions simultaneously. However, by
considering the width of the plate of only 1 mm, it is impossible
to assemble another two SMA wires on the flexible plate in its
two lateral planes. To imitate the motions of fin rays, two SMA-
driven plates are combined serially with their cross sections
perpendicular to each other to achieve a 2-D complicate bending
motion as shown in Fig. 12. An SMA fin ray is composed of
three parts: a root SMA-driven plate, a tip SMA-driven plate,
and a flexible elongate plate. The length of all the driven plates
is 50 mm, while the length of the elongated flexible plates is
varied for different rays.

It should be pointed out that the motion of the bioinspired
fin ray is similar to that of a real fin ray in terms of the struc-
tural characteristics. The main portion of a real fin ray deforms
passively for the hydrodynamic force during motion, whereas
a bioinspired fin ray deforms actively for the stress of SMA
wires. Despite the difference, the bioinspired pectoral fin is able
to produce four basic patterns as will be discussed next.

D. Design of the Bioinspired Pectoral Fin With Multirays

By combining several SMA fin rays, a flexible bioinspired
pectoral fin is able to exhibit complex patterns. As the fin rays
can bend in two dimensions, the developed flexible bioinspired
fin can performs basic patterns extracted in the kinematic ex-
periment. In the bioinspired pectoral fin, the number of SMA
fin rays, n, is an important parameter. Based on the kinematic

Fig. 13. Illustration of a bioinspired pectoral fin and its four basic patterns:
(a) Relaxation: Numbers 1–5 denote the number of five fin rays, “t” stands for tip
SMA-driven plates, “r” stands for root SMA-driven plates. (b) Expansion: SMA
driven plates 1r, 2r, 4r, and 5r are actuated. (c) Bending: All tip SMA-driven
plates are actuated. (d) Undulation: All tip SMA-driven plates are actuated.

study, undulation is a basic pattern of the pectoral fin, which is
also a primary motion in maneuvers. According to the Shannon
theorem, in order to imitate an undulation motion, the phase
difference Δϕ of two neighboring fin rays should be less than
or equal to π/2. As the relationship between Δϕ and the wave
number, nλ, is Δϕ = 2πnλ/(n − 1), we have n≥ 4nλ + 1. It im-
plies that to achieve a complete wave in an undulation motion,
at least five fin rays are needed.

The structure of the bioinspired flexible pectoral fin is shown
in Fig. 13. As discussed, five SMA fin rays are adopted and they
are placed and assembled radially. A thin membrane covers the
five fin rays. The lengths of the five SMA fin rays are different
so that the shape of the bioinspired fin is similar to that of a
real fish fin [36]. The weight of the whole bioinspired fin is
only 150 g, which is considered light for a robotic fish. The key
parameters of the bioinspired pectoral fin are listed in Table I.

E. Basic Patterns of the Bioinspired Pectoral Fin

By controlling the SMA-driven plates of each fin ray, we can
realize the basic patterns of the bioinspired pectoral fin as shown
in Fig. 4. For example, if we bend SMA-driven plates (1r and
2r) in the outside direction and bend SMA-driven plates (4r and
5r) in the opposite direction, the expansion pattern could be
achieved as shown in Fig. 13(b). By controlling SMA plates, 1t,
2t, 3t, 4t, and 5t bend in one direction, we can achieve the bend-
ing pattern, as shown in Fig. 13(c). To realize the undulation
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TABLE I
PARAMETERS FOR THE BIOINSPIRED PECTORAL FIN

pattern, we control the adjacent fin rays to bend in opposite
directions, as shown in Fig. 13(d). Moreover, the undulation
motion could be achieved by the successively bending the adja-
cent SMA plates with a phase difference.

IV. SIMULATION AND EXPERIMENTAL OPTIMIZATION

ON SMA-DRIVEN PLATES

In the structural design of the robotic pectoral fin, an SMA-
driven plate is the most fundamental component of the bioin-
spired pectoral fin. Its performance greatly affects the movement
of the pectoral fin. Different parameters may lead to extremely
different response times and oscillation amplitudes. In order
to obtain an optimize parameters of the designed SMA-driven
plate, a thermodynamic simulation of driving SMA wires is used
to investigate the influences of the diameters of SMA wires and
the heating current. Experiments of SMA-driven plates oscillat-
ing underwater should be conducted to understand the influence
of the diameter of SMA wires and the heating current. The
result is useful to determine the structural parameters of the
SMA-driven plate, which provides a basis for the control of the
bioinspired pectoral fin.

A. Characteristics of the SMA-Driven Plate

The SMA-driven plate is composed of three components:
SMA actuators, flexible plate, and the membrane. Ni-Ti (50.8%)
SMA wires are adopted as the SMA actuators. The Martensitic
inverse phase transformation temperature is 55 ◦C, whereas the
Martensitic phase transformation temperature is 27 ◦C. The elas-
tic modulus of the flexible plate (PVC) is 2.4 GPa.

According to the structure of the SMA-driven plate, a de-
formable beam model is used. The diameter of the SMA wire is
estimated through the static equilibrium of the plate [39]. The
simplified force and moment equations of the SMA plate can be
stated as

AaEM εM + AEe + EIK2 = AaEAεA (2)

(h + d/2)AaEM εM + EIK = (h + d/2)AaEAεA (3)

where εM stands for the strain of the SMA wire in marten-
site phase, and can be expressed as εM = e + K(h + d/2) +
eK(h + d/2), in which d stands for the diameter of SMA wires,
εA stands for the strain of SMA wire in Austenite phase, and it
can be expressed as εA = e − K(h + d/2) − eK(h + d/2) +
εSMA ,K is the curvature of the central axis of the plate, and e
is the elongation of the flexible plate, these parameters can be
easily deduced from the structure shown in Fig. 9(a). Note that
E denotes elastic modulus of the flexible plate, while I denotes
the moment of inertia of the flexible plate, which is b(2 h)3 /12,
in which b and 2 h denote the width and the thickness of the
plate, respectively. They are set as 20 and 1 mm as the val-
ues suggested in Section III-B. Aa denotes the cross-sectional
area of SMA wires, while A denotes the cross-sectional area of
the flexible plate. Young’s modulus of austenite and martensite,
namely EA and EM , are 40.8 and 17.5 GPa, respectively.

In order to estimate the diameter of SMA wires, the following
assumptions are considered: 1) one SMA wire is totally heated to
Austenite phase, while the other one is still in Martensite phase;
2) the strain of the SMA wire εSMA is about 0.03; 3) the SMA-
driven plate can bend up to 90◦; 4) the mechanical effect of the
thin membrane is ignored. With these assumptions, the diameter
of the SMA wire (d) is 0.23 mm for the static equilibrium
of the SMA plate. The result is useful to the thermodynamics
simulation. Note that the estimation is only conducted by the
static equilibrium of the plate. Actual motion of the SMA-driven
plates is different.

B. Thermodynamic Simulation on the SMA-Driven Plate

A thermodynamic simulation is conducted to evaluate the
heating speed and cooling speed of different SMA diameters
and heating currents, which is useful to the design of structure
and driving strategy. Note that the temperature of SMA is a key
factor that affects the motion of the SMA-driven plate, since the
shape memory effect is closely linked to temperature.

Several assumptions are made for the thermodynamic simu-
lation: 1) the thermal radiation effects of SMA wires are very
small and therefore negligible; 2) the convectional heat between
SMA wires and environment is regarded as the only way of heat
transformation with a constant heat convectional coefficient hw ;
3) the transformation latent heat of the SMA wires is negligi-
ble, since the SMA wire diameter is only about 0.2 mm. The
latent heat is also small. Based on these assumptions, the ther-
modynamic analysis of driving SMA-driven plates underwater
is outlined as follows:

1) Heating Process:

∫

t

4ρel

πd2 I2(t)dt =
∫

t

πd2

4
ρcldT (t) +

∫

t

hw πdl[T (t)−T0 ]dt

(4)
where electrical conductivity, density, heat capacity, diameter,
and length of an SMA wire are characterized by ρe , ρ, c, d, and
l, respectively. Note that I(t) is the current and T0 is ambient
temperature.
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Fig. 14. Temperature response of the SMA-driven plates (As is 55 ◦C, Ms is
27 ◦C, hw is set as 2500 W/m2 K that is obtained from heating experiments):
(a) with respect to different currents, the diameter of the SMA wire is 0.2 mm
and (b) with respect to different diameters, the heating current is 0.8 A.

2) Cooling Process:
∫

t

πd2

4
ρcldT (t) +

∫

t

hw πdl[T (t) − T0 ]dt = 0. (5)

Based on (4) and (5), the temperature changes of SMA wires
with various parameters can be obtained by virtue of MATLAB
simulation. The relationship between temperature and time with
different heating currents is shown in Fig. 14(a). According to
the estimation in the previous section, the diameter of the SMA
wires is set as 0.2 mm. If the heating current is 0.2 A, the SMA
wire cannot reach As and stays at 31 ◦C. As for the currents 0.5
and 0.8 A, the heating time is 0.1 and 0.02 s, respectively. When
the heating current is higher than 0.8 A, the speed of heating is
high and shows insignificant difference. The response frequency
of SMA wires can reach a maximum value of up to 6.3 Hz. The
influence of diameters of SMA wires is shown in Fig. 14(b).
For the heating process, it is seen that as the diameter of the
SMA wire is 0.35 mm, the heating current is unable to heat the
SMA wire to As . This implies that the SMA wire is not able
to perform the austenitic transformation and exhibits no output.
As for the other five small diameters, the temperature can reach
As rapidly, in which 0.1 mm shows the fastest speed. For the
cooling process, the SMA wires present similar cooling speed
since they share the same hw . By combining the two processes

Fig. 15. Illustration of measurement for the oscillation amplitude of the SMA-
driven plate.

together, we can obtain the response frequency, and for the case
of diameter 0.1 mm, the temperature response frequency can
reach about 9 Hz.

For an SMA-driven plate, an appropriate SMA wire diameter
and the heating current will lead to a high response frequency,
which can satisfy the frequency of the kinematic analysis of the
live pectoral fin. It is seen from Fig. 14 that, as the heating current
is 0.8 A, the SMA wires cannot reach As , if the diameter exceed
0.3 mm. For the diameter of 0.2 mm, the heating current 0.2 A
could not heat SMA wires to AS as well. This is a useful finding
for the manufacturing and the heating of the SMA-driven plate
and provides guidance for the following testing on SMA-driven
plates. Based on the above thermodynamic simulation analysis,
the SMA diameter (0.1–0.3 mm) and the heating current (0.5–
2 A) are chosen for the design and experiments of SMA-driven
plate in the study presented in the following section.

C. Underwater Experiments on the SMA-Driven Plate

In order to optimize the SMA profile and to obtain the con-
trol of the SMA-driven plates, underwater experiments on the
driving of SMA-driven plates is conducted. A high-speed video
camera is used to record the oscillation motion of SMA-driven
plates. The video images are then processed to obtain the oscil-
lating amplitude of the SMA-driven plate.

As the oscillation amplitude and the frequency are two impor-
tant parameters used to evaluate the SMA-driven plates, their
relationships with respect to the current and the wire diameter
are investigated experimentally. The angle θ is defined as the
oscillation amplitude of SMA-driven plates, as shown in Fig. 15.
The oscillation frequency of SMA-driven plates determined by
the heating current is set as 0.5, 1, 2, and 3 Hz, respectively. The
experimental results are shown in Fig. 16.

By virtue of Fig. 16, the following findings can be concluded:
1) Usually, the oscillation angle increases as the heating cur-

rent increases. However, there are several exceptions when
the SMA wire diameter is equal to 0.1 mm. The possible
reason can be stated below. If the SMA wire diameter is
0.1 mm, its heat capacity is also very low. When a PWM
current with a fixed duty time, 100 ms, passes through



ZHANG et al.: DESIGN AND IMPLEMENTATION OF A LIGHTWEIGHT BIOINSPIRED PECTORAL FIN DRIVEN BY SMA 1781

Fig. 16. Oscillation amplitude versus frequency of the SMA-driven plates
with various diameters, d. The duty time, Ton , of the heating PWM is 100 ms:
(a) d = 0.1 mm. (b) d = 0.15 mm. (c) d = 0.2 mm. (d) d = 0.3 mm.

the SMA wire, the temperature of the wire will be much
higher than Af , which can also be seen in Fig. 16. There-
fore, the SMA temperature cannot decrease under the Mf

at the rest time of a heating cycle, 900 ms of 1 Hz, for
example. Since the performance of SMA is closely linked
to the temperature, this phenomenon greatly affects the
deformation rate of SMA, and leads to a rapid decrease of
the oscillation angle.

2) As the heating frequency increases, the oscillation ampli-
tude decreases nearly linearly.

3) As the SMA wire diameter is large enough and the heating
current is small enough, the SMA-driven plate will keep
still, as shown in Fig. 16(c): I = 0.8 A and Fig. 16(d): I =
0.5, 0.8, and 1.1 A. The reason is that the temperature of
the SMA wire does not reach As .

4) The oscillation amplitude of the SMA-driven plate reaches
a maximum of 88◦, when the SMA wire diameter is
0.15 mm and the frequency is 0.5 Hz.

It can be concluded from Fig. 16 that the predefined oscillation
amplitude can be achieved by controlling the heating current
and frequency. The performance of the SMA-driven plate with
the wire diameter 0.15 mm is found highest, whose oscillation
angle ranges from 10◦ to 88. An experiment with the 5-Hz
heating current on the SMA-driven plate is also conducted with
0.15-mm diameter SMA wires. The oscillation amplitude of the
SMA-driven plate is still above 5◦, which is better than those
of other SMA plates driven by the 3-Hz heating current. Note
that the oscillation angle here is obtained only by driving SMA
plates. It is believed that the oscillation angle of SMA fins will
be lower for the hydrodynamics on the SMA fin surface when
the SMA plates are equipped. In conclusion, an SMA wire
with 0.15-mm diameter is adopted as the driven unit for the
bioinspired pectoral fin. The reachable range of changing θ is
larger than the range shown in Fig. 7. Even by considering the
negative influence of the hydrodynamics on the bioinspired fin,
it is still enough for the four basic patterns of a pectoral fin.

Fig. 17. Experimental setup for force measurement of the bioinspired SMA
pectoral fin: (a) Coordination transformation between the force sensor and the
bioinspired fin. The force sensor is cylindrical with size 80 mm × 60 mm
(diameter × height), the measurement range: Fx = 125 N, Fy = 125 N, Fz =
125 N, Mx = 5 Nm, My = 5 Nm, Mz = 10 Nm, the comprehensive accuracy:
≤0.8% FS, resolution: ≤0.1% FS, allowable overload: ≤150% FS, and data
processing cycle: ≤1 ms; and (b) Experimental setup, which includes: 1. Linear
guide system. 2. Six dimensional force sensor. 3. Synchronization transmission
system. 4. Flapping and pitching device. 5. Bio-inspired SMA pectoral fin.
6. Tank, the size of tank is 50 cm × 45 cm × 40 cm.

According to the simulation result presented in the previous
section, the oscillation frequency of the SMA-driven plate is
7 Hz, which is similar to the value obtained in the experiment,
5 Hz. The difference between the frequency obtained from the
simulation and the experiment arises from the hypothesis that
some energy loss is omitted and the coefficient hw is set as a
constant in simulation.

V. EXPERIMENTS ON THE BIOINSPIRED PECTORAL FIN

During the swimming process, pectoral fins of fish provide
propulsion to maintain balance and maneuverability as a result
of hydrodynamic interaction between the pectoral fins and wa-
ter. In order to study the motions of the bioinspired flexible
SMA pectoral fin, we carried out the experiments in execut-
ing three motions: expansion, flapping, and undulation (arising
from the basic patterns shown in Figs. 4 and 13, respectively).
The experiment setup is shown in Fig. 17. A 6-D force sensor is
installed above the bioinspired pectoral fin. The sensor is used to
measure the three-orthogonal-direction forces (Fx , Fy , Fz ) and
three-orthogonal-direction torques (Mx , My , Mz ) generated by
the motion of the bioinspired pectoral fin. Note that the lateral
force, thrust force, and lift force that are generated by the SMA
fin are represented by Fx, Fy , and Fz , respectively.

A. Expanding Motion of the Bioinspired Pectoral Fin

Expanding motion changes the fin surface area and leads
to changes in hydrodynamics forces. Its actuating mechanism
is displayed in Fig. 13(b), while the biorobotic fin expanding
motion is shown in Fig. 18. As mentioned in Section II-C, the
expansion coefficient β (=S/S0) is used to evaluate the area
change of a pectoral fin. The area is calculated by counting
the grids covered by the robotic fin. The effect of the heating
current and heating time is also investigated. The relationship
between the expansion coefficient and the heating current in a
bioinspired flexible pectoral fin expansion is shown in Fig. 19.
The following conclusion can be drawn by virtue of the figure.
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Fig. 18. Expansion motion of the biorobotic pectoral fin. (a) Relaxation.
(b) Expansion.

Fig. 19. Relationship between expansion degree, the current, and duty time in
the bioinspired pectoral fin expansion experiment.

1) For a specific duty time Ton , β increases as the heating
current increases. For Ton with the value of 100, 150, and
200 ms, the increasing gradient is the same. As for a Ton
with 250 ms, the increasing speed of β slows down when
the heating current is higher than 1.5 A. And it seems
to reach the saturated expansion degree when the heating
current is 2.5 A.

2) For a fixed heating current, β also increases with Ton . The
maximum value of β is 1.45, where S0 equals to 215 cm2

and S equals 312 cm2 .
The experimental result suggests that the bioinspired pec-

toral fin could expand in a considerable degree. It can fulfill
the requirement obtained from the kinematic study of the real
pectoral fin (as shown in Fig. 5) with the maximum expansion
coefficient of 1.4. It seems to imply that any β within this range
can be obtained by simply alternating the heating current and
Ton .

B. Bending Motion of the Bioinspired Pectoral Fin

According to the analysis in Section III, by bending the
tip SMA-driven plate in one direction simultaneously, the
biorobotic fin can realize a required bending motion [see
Fig. 13(c)]. An experiment was conducted to explore the bend-
ing motion of the biorobotic pectoral fin. In the experiment, the
heating frequency is 2 Hz, which is similar to the result of the
kinematic study on the Koi Carp. The duty time Ton is 150 ms,
which implies that the bending stage is taken as 150 ms, while

Fig. 20. Snapshot of the flapping motion by the biorobotic pectoral fin.

Fig. 21. Force in the bending motion of the bioinspired pectoral fin. The
heating frequency is 2 Hz, where Ton = 150 ms, I = 1 A.

the recovery stage takes 350 ms. The hydrodynamics forces are
also measured and investigated in the experiment. Fig. 20 shows
a snapshot of the flapping motion of the biorobotic pectoral fin.

The lift force, thrust force, and lateral force of the pectoral
fin are obtained and shown in Fig. 21.

In the bending stage, the lift force peak reaches 1.6 N, while in
the recovery stage, the force peak reaches 1.3 N with an average
value of positive 0.35 N. The lateral force has a peak of 0.5 N,
while the thrust force is less than 0.1 N. Among the three forces,
the lift force can reach the largest peak, three times of the lateral
force, whereas the thrust force is very small if compared with the
other two forces. It demonstrates that the bioinspired pectoral
fin can generate a dominate force along the bending direction by
the bending motion. This is the similar finding observed from
the kinematic movement depicted in Fig. 2. The flapping mo-
tion is a major motion in fish retreating. The dominated bending
directing force will generate a direct drag force to retreat the
body. The other two forces, which are not the major forces of
the bending motion, are used for balancing body when maneu-
vering. Note that the main part of the bioinspired fin deforms
actively for SMA actuating, while that of the live fish fin de-
forms passively for the hydrodynamics during fin flapping. The
phase of the force might be different for the same morphology
of the fins.
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Fig. 22. Snapshot of the undulation motion by the biorobotic pectoral fin.

Fig. 23. Force components in the undulation motion of the bioinspired pectoral
fin of two periods. The heating frequency is 2 Hz, Ton = 150 ms, I = 1 A.

C. Undulation Motion of the Bioinspired Pectoral Fin

An undulation motion of the bioinspired pectoral fin is ob-
tained by driving the five SMA-driven plates intermittently as
shown in Fig. 13(d). A snapshot of the undulation of the bioin-
spired pectoral fin is shown in Fig. 22.

The hydrodynamic forces are also investigated and presented
in Fig. 23. It is seen that the lateral force is the largest with
the peak value 0.9 N and the average value is 0.15 N. The
thrust force has the similar magnitude to the lateral force with
an average value of 0.11 N, while the lift force is relatively
small in this motion. The reason could be that the fin rays are
placed radially. Also, the forces generated in undulation are
mainly distributed over the horizontal plane. By corresponding
to the real fish movements and by considering the fact that the
pectoral fin seems to be almost perpendicular to the fish body
in the hovering cycle, the undulation motion mainly generates a
lift force to overcome gravity and a lateral force to avoid yawing
by the cooperation of two pectoral fins.

D. Discussion

Several researchers have also conducted studies on hydrody-
namic forces of robotic pectoral fins in different motions. Lauder
et al. [11] developed a robotic pectoral fin and achieved expan-
sion, curling, and cupping motions with five fin rays varying
from 9 to 12.5 cm. By measuring the thrust force of cup, sweep,

and their combination motion, they found that the cup and sweep
motion can generate a considerably higher thrust force as well as
a small drag force with a peak force of 0.2 N. On the other hand,
Tangorra et al. [18] developed a robotic pectoral fin with five
fin rays varying from 8.5 to 13.5 cm. They analyzed the thrust
force of sweep, curl, expansion, cupping, and the combination
motion and the maximum peak thrust force reaches 0.6 N. The
trend of their results is the same as that of the results presented
in this paper.

VI. CONCLUDING REMARKS

This paper is concerned with a detailed design and initial
experiments of a bioinspired flexible SMA pectoral fin. The
kinematic observation of the pectoral fin of a Koi Carp has
been presented. Several basic patterns of the pectoral fin are
first obtained by analyzing the fin motions captured by videos.
On the other hand, an SMA fin ray capable of two-DoFs oscil-
lation is introduced and a lightweight bioinspired pectoral fin
formed by the SMA fin rays is developed. For the detailed de-
sign, the simulation and experiment on the SMA-driven plate
have been conducted. The results demonstrate the validity of
the proposed SMA-based mechanism, in terms of the motion
generation, lightweight, and ease of assembly.

The biological pectoral fin exhibits several complex motions
analyzed in Section II. The motions of the pectoral fin arise from
the four basic patterns that are extracted by digital image pro-
cessing from the movement of pectoral fins in fish hovering and
retreating. The result is similar to that obtained in the study on
the pectoral fin of the sunfish [11], [18]. Tangorra et al. [18] in-
vestigated various motions of the sunfish pectoral fins. The curl
and expansion in their study have similar features to our SMA
pectoral fin. On the other hand, cupping, which is not presented
here, is actuated by the dorsal leading ray and ventral leading
ray. Two aspects of patterns combination, space and time, should
be considered in future for the implementation of more com-
plex motions. The space-time combination implies that two or
more patterns exhibit simultaneously, for example, expanding
and bending. The time combination is concerned with switching
patterns along with time, for example, from flapping to undula-
tion. For these problems with multiple variables, the parametric
study used in [40] is worth considering for the comprehensive
analysis and computation.

The proposed bioinspired pectoral fin possesses several major
features as those by the biological fin. For example, the fin could
provide the motion with four basic patterns: relaxation, expand-
ing, bending, and undulation. It is obvious that the bioinspired
pectoral fin is still a very simplified version of the biological pec-
toral fin. A live pectoral fin of a Koi Carp has 15 fin rays [36],
whereas only five fin rays are used in the bio-inspired fin devel-
oped here. More fin rays require more DoFs and are therefore
more tedious in the implementation and control of fin motion.
It will be useful to investigate the optimal number of fin rays
to provide the “natural” motion required in the maneuver. The
model presented here should be extended to the motion control
of the bioinspired fish actuated by multiple joints (or different
types of fins) [17]. For flexible fins with significant length, a
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beam model with various boundary conditions might be useful
in the modeling of the fin motion [41].

It is worth emphasizing that the purpose of the bioinspired fin
is not to replicate fully the morphology of the Koi Carp pectoral
fin or not to perform exactly as that of the live pectoral fin. The
desired bioinspired pectoral fin capable of various key patterns
should be developed to provide the maneuvers of a robotic fish.
The bioinspired fin should be relatively simple and lightweight.
The propulsion of SMA-driven fins should be able to enhance
the stability and maneuverability of robots. Furthermore, one
should explore some new motions with the bioinspired fin that
emerge from other motions of the fish, such as steady swimming
and gliding, or even new motions that do not execute live fins,
but useful to the maneuvering of the fish robots.
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